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De indeling van de idiopatische scoliose in een infantiele, juveniele en adolescente 
vorm kan betcr vervangen worden door een indeling in ccn vroeg en laat-beginnende 
vorm. 
II. 
Ondanks het feit dat axiale rota tie een essentieel kenmerk is van de idiopathische sco­
l iose, wordt dezc in de praktijk op onvoldoende wijze kwantitatief geevalueerd. 
m. 
Daar het huidige behandelingsplan van idiopathischc scoliose steeds achter de feiten 
aanloopt, dient voor de idiopathische scoliose dezelfde behandelingsvoorwaarde te gel­
den als voor klompvoeten en aangeboren hcupontwrichtingen, namelijk dat deze zo 
vroegtijdig mogclijk aanvangt. 
IV. 
Reeds bij verdenking op maligniteit van een locaal botproces dient de proefexcisie 
uitgevoerd tc wordcn in een daartoe gespecialiseerd centrum, waar de definitieve be­
handeling evenccns plaats kan vinden. 
V. 
Bij de behandeling van metastasen in het proximale dee) van het femur verdient ver­
vanging door ecn cndoprothcsc de voorkeur bovcn prophylactische plaat-osteosynthe­
se met inbrengcn van mcthylmcthracrylaat op de plaats van de laesic. 
VI. 
Het bestrijdcn van chronische pijnen door middel van epiduraal catheters is een be­
langrijke aanvulling van het therapeutisch arsenaal voor de behandcling van terminale 
patienten met malignc aandoeningen. 
VII. 
De vorming van fibrocartilaginair wcefsel in cen 'midsubstance' meniscuslaesie is mo­
gelijk wanneer de fibrochondrocyten in contact komen met serumfactoren uit het 
bloed, zoals F. G. F. (Fibroblastic Growth Factor) en P.L. (Platelate Lysate). 
VIII. 
Bij patienten met ecn cervicale spondylogcne myclopathie hceft. indicn operatic is 
gcindicecrd. een decompressieve laminoplastiek de voorkcur boven een decomprcssie­
vc laminectomic. 
IX. 
De abrupte ovcrbrcnging van hct bcvolkingsonderzoek op cervix carcinoom naar de 
ecrstc lijns gczondhcidszorg is op zich cen gocdc zaak, maar drcigt om in hct bijzonder 
organisatorische redencn radicaal te mislukken. 

X. 
Bij de chirurgischc behandeling van colitis ulcerosa bij kinderen verdient de ilio-anale 
anastomose met reservoir de voorkeur boven de ilio-rectale anastomose. 
XI. 
Het van Andry afkomstig symbool voor de orthopaedie - de kromme jonge boom ge­
stut door een stok - is dringend aan vervanging toe. 
XII. 
Gezien het grote aantal sportletsels is een vraagteken achter het gezegde 'Sport is ge­
zond' op zijn plaats. 
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The aim of the study presented in this thesis is to gain insight into: 
1). The kinematic behaviour of the scoliotic spine as related to the normal spine. 
2). The biomechanical principles used in the treatment of idiopathic scoliosis. 
3). The aetiology and pathogenesis of idiopathic scoliosis. 
1.2. GENERAL INTRODUCTION. 
Idiopathic scoliosis is a deformity of the trunk, characterized by lateral deviation 
and axial rotation of the spine in the absence of any relevant congenital spinal anomaly 
or associated musculo-skeletal conditions. 
Scoliosis is derived from the Greek word, meaning curvature. As used in medical 
literature, it signifies lateral curvature of the spine. The normal spine has curves when 
viewed from the side, but there is no lateral deviation when viewed from the front 
or back. 
Many of the established concepts concerning idiopathic scoliosis, have been notified 
in the past and described in several older orthopaedic textbooks (Willard, 1910; Tub­
by, 1912; Steindler, 1929). 
Since the Stone Age, man has recognized the obvious deformity of spinal curvature. 
Cave drawings provide evidence that scoliotic deformities affiicted early man and that 
crude forms of treatment were attempted even in this era (Whitman, 1901). 
As early as the late 1800's school screening has been undertaken by Drachman in 
Denmark (Tubby 1912). 
Furthermore, the brace designs were numerous, but all employed three-point fixation 
principles similar to those currently used. Surgical treatment by spinal fusion has made 
great advances in recent decades. Through improved fusion techniques and the addition 
of abundant autogeneous bone, the pseudo-arthrosis rate has been lowered to an 
acceptable percentage. The Harrington instrumentation, first successfully used in 1960, 
has now withstood the test of time and is a mainstay in the surgical treatment of 
scoliosis. 
However, in spite of the early recognition of the deformity, its natural history and 
the anatomical facts, the aetiology of the disease is still unknown. 
The spine in scoliosis assumes a configuration which is different from normal. In vivo 
experiments in scoliotic patients are not easily conducted. The spinal radiographs 
present only a two-dimensional view of a complex three-dimensional structure. An 
accurate mechanical model of the spine would be difficult to construct because of the 
numerous anatomical structures that must be incorporated. However, mathematical 
models are often used to study complex biological systems which are difficult to study 
using conventional experimental techniques. In conducting studies with a mathematical 
model some degree of quantitative accuracy is sacrificed, but the behaviour of the 
computer model can easily be changed and adapted to suit the in vivo spinal behaviour. 
A three-dimensional non-linear geometrical spinal model has been developed by us, 
more or less analogeous to the model described by Schultz and Galante (1970). 
This model represents the spine as a collection of 17 rigid bodies, each corresponding 
to a thoracic and a lumbar vertebra, interconnected by deformable elements, represen-
1 
ting the intervertebral discs and ligaments with separate elements to represent the 
intervertebral joints. 
The current concepts, concerning idiopathic scoliosis, have been analysed by means 
of this computer model. The model itself will not be discussed in this thesis. The 
model is extensively described in the thesis of P.H.M. Scholten (1985). 
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CHAPTER II. 
ANATOMY OF THE SPINE. 
11.1. Embryology. 
At about the fourth week of intra-uterine life the vertebral column begins to develop 
through migration of mesenchyme. Starting on the 20st day of gestation, the somites 
are formed and are separated by intersegmental fissures (fig. 1). 
Fig. 1. Somite stage at about 4 weeks after gestation. 
During this somite stage, the older cranial somites show some internal specialization. 
The ventromedial cell mass forms the sclerotome. 
These cells migrate towards the neural tube and notochord to form the vertebral 
column. The developing vertebra is paired and symmetrical, the two halves rapidly 
fusing around the cord and neural axis. This is the sclerotome stage with a precartila­
ginous or membranous vertebra. Each sclerotome contains a loosely packed cranial 
zone and a densely packed caudal zone. The densely packed cells migrate opposite the 
centre of the myotome and give rise to the annulus fibrosus of the intervertebral disc 
and the intervertebral ligaments. The loosely packed cells spread out to occupy the 
spaces left by the migrating densely packed cells, where they give rise to the precarti­
laginous vertebral bodies. The notochord degenerates within the vertebral bodies but 
persists in the intervertebral disc to form the nucleus pulposus. The sclerotome contains 
two other cell colonies, one of which migrates dorsally to form the model for the 
future posterior arch; the other migrates ventrolaterally to constitute the costal process. 
During the sixth week, three pairs of chondrification centres appear in each mesenchy­
mal vertebra giving rise to the vertebral body, the posterior arch and the costal or 
transverse processes, respectively. From the third month three primary ossification 
centres appear (fig. 2), announcing the formation of the bony vertebra. There is one 
ossification centre in the centrum and one in each half of the vertebral arch. 
The lateral primary centres in the vertebral arch are located in the future zone of 
attachment of the transverse and articular processes. 
3 
8 primary ossification centres 
o secondary .. .. 
Fig. 2. Localisation of the ossification centres. 
The ossification centres of the centrum first appear in the thoracolumbar junction, 
whereas those of the vertebral arch are first seen in the cervical region. 
At birth, a typical vertebra consists of three bony pieces, united by cartilage: one piece 
forms the centrum, the others form the two sides of the arch. After birth, the two 
sides of the arch normally unite before they join the body. Complete bony laminae 
are formed by the thoracic and lumbar vertebrae during the first year of postnatal life, 
in the cervical region during the early part of the second year and in the sacral region 
between the 7th and 10th years. The completed neural arch joins the centrum of the 
vertebra during the third year in the cervical region, between the fourth and fifth years 
in the thoracic region, during the sixth year in the lumbar region and in the seventh 
year or later in the sacral region. 
At about the time of puberty, secondary centres of ossification, usually referred to as 
epiphyses, appear in the processes of most of the vertebrae and at each end of the 
vertebral body (fig. 2). 
The processes normally have three epiphyses, one for the tip of the spinous process 
and one for the tip of each transverse process. 
The epiphyses of the vertebral bodies are rings of bone, formed in thickened cartilage 
at the peripheries of the upper and lower surfaces of the body of each vertebra. 
These develop from a number of separate centres of ossification that soon fuse to form 
a ring. 
The two epiphyseal rings unite with the body of the vertebra between the 17th and 
25th years. 
Il.2. Anatomy. 
The human vertebral column is a complex structure; it is composed of 24 mobile 
vertebrae, separated from each other by the intervertebral discs, except between the 
first and second cervical vertebrae. These discs account for about one-fourth of the 
total length of the column above the sacrum. The adult vertebral column exhibits 
several curvatures in the sagittal plane. 
These curves are convex anteriorly in the cervical and lumbar regions and convex 
posteriorly in the thoracic and sacral regions. As a result, the spine can be divided into 
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kyphotic and lordotic parts or into cervical, thoracic and lumbar parts, but can also 
be divided into parts with dorsally and ventrally inclined vertebrae (fig. 3). 
Each osseous segment is, in general, ring-shaped, with a large central spinal canal, 
which perforates the bone from top to bottom and surrounds the dural tube and its 
contents (fig. 4). The osseous segment is arbitrarily but logically divided by the spinal 
canal, into anterior and posterior portions. The anterior portion consists of the vertebral 
body, which articulates with its caudal and cranial neighbours via intervertebral discs, 
forming a synchondrosis. The disc is reinforced by a broad and very substantial anterior 
longitudinal ligament and by a weaker posterior longitudinal ligament. 
The posterior portion of the spinal ring, the neural arch, consists of paired pedicles, 

















the superior and inferior facets at the junction of the pedicle and laminae and project 
laterally in the lumbar region, and laterally and posteriorly in the thoracic region. 
From the upper border of the lamina, at about its junction with the pedicles, the 
superior articular process projects upwards on each side, and from the lower border 
at about the junction of the lamina and each pedicle the inferior articular process 
projects downwards, forming the synovialjoints between two adjacent vertebrae. The 
orientation of these joints varies in the different regions of the spine, as shown in 
figure 5. The neural arches are further bound together by the highly elastic ligamentum 
flavum, which runs between the laminae. 
The interspinous ligament runs from the inferior border of a spinous process to the 
superior border of the next caudal spinous process. It runs the entire length of the 
spinous process from the junction of the two laminae to the tip of the spinous process. 
The most superficial portion of the interspinous ligament forms a more or less discrete 
band called the supraspinous ligament, which runs from the tip of one spinous process 
to the tip of another. The intertransverse ligaments run between adjacent, transverse 
processes and are best developed in the lumbar region. 
The thoracic spine supports the rib cage. 
A pair of ribs articulates with each thoracic vertebra. Each rib has two articular facets. 
The head of each rib articulates with the vertebral body at the level of the intervertebral 
disc. 
The vertebral side of the costovertebral joint consists of the disc and two small facets 
(demi-facets) , one on each vertebral body adjacent to the disc. 
Since ribs have a caudal slope, their second facet, at the tubercle of the rib, articulates 
with the anterior tip of the transverse process (the costotransverse joint) of the vertebra 
which is caudal to the disc with which the head of that rib articulates (Woodburne, 
1957). 
The articular capsule of the costovertebral joint is reinforced by the anterior and 
posterior radiate ligaments. The costotransverse joint is reinforced by the superior and 
lateral costotransverse ligaments. The 1 1 th and, to a greater extent, the 1 2th thoracic 
vertebrae are transitional in that they have many lumbar characteristics such as shorter, 
more horizontal spinous processes, articular facets deviated towards the sagittal plane, 







Fig. 5. Orientation of the facet joints in various regions of the spine. 
7 
The diminutive 11th and 12th ribs are further evidence of the transitional nature of 
these segments (Woodburne, 1957) . 
The intervertebral foramen is a space between the pedicles of adjacent vertebrae. It is 
bordered anteriorly by the vertebral body and disc, and posteriorly by the articular 
facets. Through this foramen passes the spinal nerve with its dural sleeve and accom­
panying arteries and veins. The neural arch, with its associated processes, capsules and 
ligaments limits and controls the extent and direction of motion at each level. 
11.3. Rotation centres. 
The excursion of intersegmental motion in each direction varies, depending on special 
regional features in the cervical, thoracic and lumbar segments of the spine and the 
characteristics of the individual's connective tissue (Gregersen and Lucas, 1967). 
- Flexion-extension. 
The movements of flexion and extenson are the resultant of the elementary movements 
between pairs of adjacent vertebrae and occur in the sagittal plane. The displacement 
of flexion and extension is a circular movement about a transverse axis, but the axis 
is not situated at the level of the nucleus pulposus, but lies below, in the body of the 
lower vertebra (Fick, 1904, Penning, 1960). In the case of the C2-C3 articulation the 
centre of movement is in the body of C4 (fig. 6). Below the C2-C3 intervertebral 
joint, the centre of each cervical intervertebral articulation lies in the inferior part of 
the lower vertebra (fig. 6). In the thoracic and lumbar regions, the centre of movement 
is located centrally in the superior surface of the lower vertebra (fig. 6). 
Fig. 6. Localisation of the rotation centres during flexion-extension in various regions of the 
spine. (According to Penning, 1960) 
- Lateral flexion and axial rotation. 
Lateral flexion is simultaneously accompanied by axial rotation owing to the pronoun­
ced obliquity of the facets of the articular processes, as will be explained in chapter 
IV. The centre of lateral flexion is located midway between the right and left articular 
facets. The features of axial rotation vary according to the regions of the spine. Axial 
rotation of the cervical spine does not describe an arc of a circle but rather a segment 
of an ellipse (fig. 7). 
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In the thoracic spine, the axis of rotation in the horizontal plane is inscribed on the 
arc of a circle of which the centre is located in the middle of the superior surface of 
the vertebra (fig. 7). 
The axial rotation in the lumbar region is greatly restricted since in the horizontal 
plane the articular facets are inscribed on a posteriorly open parabolic curve. The axis 
of rotation runs through the spinous processes (fig. 7). 
Flexion and extension is fairly free in the cervical region, but markedly restricted in 
the thoracic spine as a result of the anatomical arrangements in this part of the spine 
(White and Hirsch, 1971). 
Axial rotation is the freest motion in the thoracic spine. 
The surfaces of the lumbar articular facets are for the greatest part oriented in the 
sagittal plane. 
This arrangement allows a wide arc of flexion-extension, moderately limits lateral 
flexion, and markedly limits axial rotation. The inferior articular facets of LS lie in 
the frontal plane; therefore, greater rotation is allowed at the lumbosacral junction 










Fig. 7. Localisation of the rotation centres during lateral flexion in various regions of the spine. 
11.4. Blood supply. 
The blood supply of a typical vertebra is provided by the segmental vessels most 
closely associated with it (fig. 8). The dorsal branches of the spinal arteries help supply 
the spinal dura and the tissue of the epidural space, and anastomose with similar 
branches above and below them to form small channels, accompanying the posterior 
internal vertebral venous plexuses and in general lying dorsolateral to the dura. 
However, the largest part of each dorsal branch enters the vertebral arch and supplies 
the pedicle, the transverse process, the lamina and the spinous process. The middle 
branch of a spinal artery is not distributed to the vertebral column, but supplies the 
dura of the associated nerve roots. 
The ventral branches of the spinal arteries supply the vertebral bodies. They give twigs 
to the anterolateral part of the spinal dura and to the tissue of the epidural space. 
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Fig. 8. Diagram of the blood supply to a vertebra. 
Their branches anastomose with similar vessels above and below to form small channels 
accompanying the anterior internal vertebral venous plexus. 
Typically, however, the ventral branches divide into two major terminals, an ascending 
and a descending one, which run obliquely upwards and downwards towards the 
centres of the two adjacent vertebral bodies. 
In the adult the blood vessels within a vertebral body do not reach the disc, but in 
the foetus and child they pass through the cartilage at the ends of the bodies to supply 
the adjacent discs. The blood supply of the cord is surprisingly precarious. The arterial 
supply consists of two posterior spinal arteries, originating from branches of the 
posterior inferior cerebellar arteries and a single anterior artery originating from a 
fusion of branches from the vertebral artery. 
Anastomoses between anterior and posterior spinal arteries are sparse, especially in 
the midthoracic cord. An abundant segmental contribution usually enters at upper 
thoracic levels, most often at T4 and near the thoraco-lumbar junction, most often at 
Tl 1 on the left side (artery of Adamkiewicz). 
11.5. Musculature of the back. 
The true or intrinsic muscles of the back, sometimes referred to as the deep muscles 
of the back, are superficially almost entirely covered by the trapezius and the latissimus 
dorsi muscles, which together generally extend from the sacrum and the iliac crest to 
the occipital bone. 
The intrinsic muscles of the back in the thoracic and lumbar region can be divided 
into two main groups: 
1. - Erector spinae. 
This system forms the largest muscular mass of the back, being especially well 
developed in the lumbar region. In the upper lumbar region the mass is largely 




2. - Transversospinalis muscles. 
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These muscles largely fill the concavity between the sides of the spinous processes 
and the backs of the laminae and transverse processes, and form a series of 
longissimus-�� 
iliocostalis------, 
latissimus dorsi ---#:::::,.,,,-..... 
�'\I'-- spinalis 
--- tronsversospinalis 
Fig. 9. Erector spinae. 
fascicles directed in general from the transverse processes upwards and medially 
to the spinous processes (fig. 10) .  




Fig. 10. Paraspinal muscles. 
In addition to these, there are strictly segmental muscles, stretching only from one 
vertebra to the next, the interspinales and intertransversarii, which could be allocated 
to subgroups of the erector spinae, but are never considered as parts of this muscle. 
Anterolateral muscles. 
The anterolateral muscles of the spine lie in the thoracic and abdominal region. 
1 1  
Muscles of the thorax. 
The three layers of intercostal muscles occlude the intercostal spaces. These muscles 
include the intercostalis externus, which is continued posteriorly by the levator costa­
rum; the intercostalis internus, and the intercostalis intimus, which blends posteriorly 
with the subcostalis. The muscle fibres of the external and internal intercostals have 
a reversed direction. 
Muscles of the abdomen. 
The abdominal muscles lie in two layers (fig. 11). The anterolateral muscle or rectus 
abdominus extends along the midline from the pubis to the anterio-inferior part of 
the thorax, whereas the lateral muscles of the abdomen lie on each side of the midline. 
From superficial to deep the lateral muscles include the obliquus externus abdominis; 
the obliquus internus abdominis and the transversus abdominis. These long muscles 
extend from the anterior arch of the lower eight ribs towards iliac crest, the pubis and 




Fig. 1 1 . Abdominal muscles. 
Posterior iliolumbar muscles. 
This muscle group comprises the intertransversarii laterales and mediales lumborum, 
the quadratus lumborum and the iliopsoas. The quadratus lumborum originates from 
the iliac crest and transverse processes of the lower lumbar vertebrae and is attached 
to the 12th rib and transverse processes of the upper lumbar vertebrae. The iliopsoas 
descends from the dihedral angle formed by the transverse processes and bodies of 
the lumbar vertebrae and from the internal iliac fossa, and is attached to the lesser 
trochanter. 
D.6. Innervation and action of the muscles. 
With very few exceptions, the deep muscles of the back are supplied by the posterior 
12 
rami of the spinal nerves. The exceptions are the lateral intertransversarii of the lower 
thoracic and lumbar regions, which are supplied by the anterior rami even though the 
medial intertransversii are supplied by the posterior rami. 
The anterolateral muscles are supplied by the anterior rami of the spinal nerves. 
Function . 
It is obvious that, for the most part, the deep muscles of the back tend to work together. 
All of them extend the vertebral column and some may produce flexion, with varying 
efficiency, towards their own side; some rotate the vertebral column, most frequently, 
towards the opposite side but sometimes towards the same side. Electromyographical 
studies of the muscles of the back, although not in complete agreement, have added 
to our knowledge of the function of the various muscle groups. Morris and co-workers 
(1 962) recorded from the iliocostalis thoracis, longissimus thoracis and iliocostalis 
lumborum parts of the erector spinae and from the multifidi and from the rotators. 
They found that all the muscles tested were active during flexion, because the activated 
muscles act as agonists and antagonists. 
All muscles again became active when extension was commenced, although not neces­
sarily at the same time and with the same force. Pauly's findings (1966) were much 
the same. 
The rotators, multifidi and the semispinalis were found to be active in rotation, with 
the spinous processes rotating towards the active side (Morris et al, 1962). The ipsilateral 
erector spinae, especially the longissimus, is also active during rotation but this was 
interpreted as stabilizing the column against the pull of the abdominal muscles rather 
than initiating rotation. The ipsilateral erector spinae are also active during lateral 
flexion. Morris and co-workers regarded the ipsilateral activity as initiating lateral 
flexion, but Pauly (1966) said that it occurs only in combination with ventral flexion 
and regarded this as extensor rather than lateral flexor activity. There seems to be 
doubt whether the erector spinae contributes appreciably to either rotation or lateral 
flexion. 
In returning to the erect position from both rotation and lateral flexion, there was 
relatively little muscle activity, suggesting that this return is caused mostly by the 
elasticity of the ligaments and muscles. 
Of the short muscles of the back, the interspinales presumably help only in extending 
the vertebral column, the intertransversarii in flexing it laterally. The iliopsoas, arising 
as it does from the lumbar vertebral column, usually acts upon the free limb as a flexor 
but becomes active if one leans backwards or towards the opposite side, or, if opposed 
by most of the weight of the trunk, in attempting to sit up from a recumbent position. 
It may first pull forwards primarily upon the lumbar portion of the column, rather 
than produce flexion at the hip joint, thus, with gravity, producing hyperextension 
of the lumbar column. The quadratus lumborum flexes the column laterally, or, acting 
bilaterally, helps to extend it. The rectus abdominis is an inportant flexor of the 
vertebral column, and the external and internal obliques of both sides, acting together, 
also aid in this flexion. Further, the external oblique muscle on one side and the 
contralateral internal oblique acting together impose a twisting, rotatory, flexion effect 
upon the vertebral column, flexing the column anteriorly and towards the side of the 
external oblique, and at the same time rotating the column towards the opposite side. 
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II. 7. Pathological anatomy. 
Idiopathic scoliosis is a complicated deformity that is characterized by both lateral 
curvature and vertebral rotation. The extent of the structural changes varies with the 
degree of scoliosis (Enneking and Harrington, 1 969) . These are greatest at the apex 
of the curve, diminishing towards either end. 
In structural scoliosis, rotation of the vertebrae is towards the convex side of the lateral 
curvature, so that the spinous processes of the vertebrae are rotated towards the 
concavity of the curve. Compressional and distractional forces act on the growing 
spine and produces changes in the vertebrae, which become wedgeshaped with the 
height of the vertebra higher on the convex side and lower on the concave side (fig. 
12). The vertebral body becomes condensed on the concave side as a result of the 
Fig. 1 2. Characteristic features of idiopathic scoliosis. 
greater pressure, and is expanded and thinned in density on the convex side. There 
are associated changes in the neural canal and posterior arch. There is a marked obliquity 
of the pedicles, laminae and the spinous processes. The rotated position of the vertebral 
body is thus increased by the obliquity of its posterior structures. The pedicles on the 
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concave side are shorter and narrower and the laminae are likewise smaller than on 
the convex side (fig. 13) . The spinous processes are obliquely directed towards the 
concavity and no longer lie in the normal midline. The transverse processes more 
closely approach the sagittal plane on the convex side and are more in the frontal plane 
on the concave side. 
Fig. 1 3. Pathological changes of the apical vertebra. 
Not infrequently the intervertebral joints may be abnormal on the laminar aspect of 
the vertebral column, being compressed on the concave side between the narrow 
laminae which are thick and sclerotic. In addition there may be osteophytes on the 
margins of these joints, which have been under compression, even in young adults. 
Occasionally in a long-standing idiopathic scoliosis a spontaneous fusion may be seen 
of one or more of the intervertebral joints on the concave side, presumably, because 
extreme compression over many years had led to destruction of the joint resulting in 
ankylosis. The shape of the spinal canal becomes distorted because of the misshapen 
pedicles and articular processes. 
The intervertebral discs are compressed on the concave side and become wider on the 
convexity, as a result of pressure. The ligamentous structures between the vertebrae 
and their discs and between the ribs and the vertebrae are unchanged, except that they 
will be adapted in length. Roaf (1966) has measured the anterior and posterior longi­
tudinal ligaments and found that the anterior longitudinal ligament is "a little longer" 
than the posterior. This would suggest that there is a lordosis in addition to the lateral 
curvature and rotation. According to Roaf, the tightness of the anterior wall of the 
trunk, the sternum and abdominal muscles, normally prevents a severe total lordosis. 
If the total length of the trunk remains short in relation to the anterior longitudinal 
ligament, the anterior part of the spine must deviate sideways and must deviate more 
than the posterior part. 
In other words, torsion occurs and the greater the difference between the anterior and 
posterior components, the greater the torsion. 
1 5  
However, the measurements obtained by Roaf, which show only a small difference 
between the posterior and anterior ligaments, were from more advanced specimens 
of scoliosis in which secondary effects of the gross deformity cannot be excluded. The 
thoracic cage is also affected by the deformity (fig. 14). With the rotation of the 
vertebral body, the ribs on the convex side are carried backwards thus projecting 
posteriorly, whereas the ribs on the concave side are crowded together and are carried 
forwards so that there may be an anterior protrusion of the chest wall on this side. 
The sternum rotates about a vertical axis in response to the change in position of the 
ribs; thus in a right dorsal curve, the left border is in front of the right border. Also 
the sternum may be laterally displaced. 
Fig. 14. Rib cage deformation in 
idiopathic scoliosis on CT-scan. 
With the translatory shift of the spine sidewards, the thorax is divided into two 
asymmetrical halves. Its capacity becomes diminished on the convex side and is increa­
sed on the concave side. The distortion and compression of the lungs in the severely 
deformed rib cage may result in structural and physiological changes which may be 
progressive throughout life and may cause a cor pulmonale in late severe scoliosis. 
A study oflate, severe scoliosis in post-mortem specimens has been relatively unhelpful. 
In idiopathic scoliosis no information whatsoever is gained concerning the possible 
aetiology. In the past, various theories of pathogenesis, have tended to obscure the 
long-term factors, which lead to structural deformities. According to Stilwell (1962) 
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NATURAL HISTORY OF IDIOPATHIC SCO­
LIOSIS. 
m. t. Introduction. 
For optimum treatment of patients with idiopathic scoliosis, the surgeon should 
have an extensive understanding of the natural history of the disease. One cannot 
begin to study treatment of any medical condition without knowledge of its natural 
history. If diabetes mellitus were, for instance, only a problem of elevated blood and 
urine glucose levels and were not associated with any morbid problems related to this 
chemical abnormality, treatment with insulin would not be necessary. It is necessary 
to detect diabetes early and to institute prompt and appropriate treatment, for it has 
been well demonstrated that survival is longer and complications can be reduced or 
minimized with appropriate treatment. Such is also the case with scoliosis. 
Prevalence. 
The prevalence of any condition can be determined only on the basis of mass screening 
techniques applied to unselected large population groups. Figures based only on patients 
who seek medical care are quite unreliable. 
In the last seven years a number of new reports have been published in the orthopaedic 
and epidemiological literature concerning the number of people who towards the end 
of growth will have a scoliosis of a defined degree. 
Investigators in different countries have examined large numbers of school-children 
in order to assess the incidence and prevalence of scoliosis among them. A wide 
variation in prevalence studies of scoliosis had been observed (Table I) in different 
areas of the world. 
The apparent divergence in the prevalence of idiopathic curves in different areas of 
the world, may be reflecting different techniques of curve measurements and methods 
of clinical examination; difference in age groups screened, size of curvature and as to 
TABLE I REPORTED PREVALENCE OF IDIOPATHIC SCOLIOSIS IN 
LITERATURE. 
Authors Prevalence Total 
Brooks 13.6 % 3.942 
Robin & Makin 3.5 % 10.000 
Wynne-Davies 0. 18% 10.000 
Rogala 4.5 % 26.947 
Lezberg 1 .2  % 6.000 
Sells & May 1 .6  % 3.064 
Colomb & Taylor 5.9 % 3. 299 
Segil 2.5 % 929 
Hensinger 0. 1 % 316.000 
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whether the studies are based at random sampling or at a longitudinal survey of 
individual children over some years. 
The definition of the minimum curve size varies. 
A minimum curve size of five degrees has been suggested by many authors, among 
others by Lonstein (1977). 
During the last few years however, a ten degrees lower limit has been discussed 
(Brooks, 1980). 
One reason for the great variation observed could be the difficulty in making a clinical 
diagnosis of the majority of smaller curves, less than ten degrees. 
It is also difficult to draw conclusions from some of these studies as many investigators 
did not distinguish between incidence (rate of occurence of new cases) and prevalence 
(proportion of the population affected at the particular time). 
On the other hand the recorded figures in Table I may represent real environmental, 
geographical, genetic or racial influences. 
The prevalence figures presented usually demonstrate that 2-3 percent of the population 
at the age of 16 will have a scoliosis of ten degrees or more. 
If instead 20 degrees or more is used the prevalence will be 0.2 - 0.5 percent. 
For 30 degrees or more the prevalence will be 0.2 - 0.3 percent. 
In a few studies, different groups of people have been compared with the same screening 
methods. Skogland and Miller (1978) noted in Norway a different prevalence among 
Lapps and non-Lapps (0.5 and 1 .3  percent, respectively). Segil (1974) observed different 
prevalence of scoliosis among Caucasians (2.5 percent) and Africans (0.03 percent) in 
Sou th-Africa. 
Smyrnis et al (1980) reported a different prevalence in the populations of three islands 
in Greece (7. 7; 4. 1 and 3.3 percent, respectively). 
The sex ratio females to males for curves of 10 degrees or more ranges from 1.5-2·to 
1 ;  for 20 degrees or more 5-6 to 1 ;  for 30 degrees or more 10  to 1 .  
These sex ratios in actuality mean that around 1 percent of the girls at age 16 will 
have a scoliosis of 20 degrees or more, compared to only 0 .2 percent of the boys. 
111.2. Studies of untreated curves during growth. 
Duval-Beaupiere (1971) pointed out that the progression ofidiopathic scoliosis occurs 
at the time of the most rapid adolescent skeletal growth, although the exact incidence 
of progression has varied greatly in different reported series. Brooks et al (1975), in 
a review of 134 patients with untreated idiopathic scoliosis that were initially detected 
by school screening and were followed for an average of 21 months, found that 
although 5.2 percent of the curves increased by 5 degrees or more, 22.4 percent 
decreased by the same amount. Clarisse (1974) reported on 100 patients with idiopathic 
scoliosis who were followed during growth and whose initial curve measured between 
10 and 29 degrees. Without treatment 35 percent of these curves progressed. 
Rogala et al (1978), in their review of a school screening program, followed 603 
children for a minimum of two years and found that 6.8 percent had progression of 
the curve; 2. 1 percent of the curves that were initially less than 10  degrees progressed, 
compared with 10.3 percent of the curves that were initially greater than 10 degrees; 
and of the 52 skeletally immature patients whose curve was initially between 20 and 
20 
30 degrees, 78,8 percent progressed. Bunnell (1983) in a review of the cases of 326 
patients, showed that the curves that were initially between 20 and 30 degrees, 20 
percent showed progression. 
The incidence of curve progression in four reported series is given in Table II. There 
has been fairly good agreement in the literature concerning the factors that appear to 
be related to curve progression in idiopathic scoliosis. A definite relationship has been 
found between the incidence of curve progression and three factors. There has been 
a direct relationship between the incidence of progression and the magnitude and 
pattern of the curve, and an inverse relationship with chronological age and the Risser 
sign. 
TABLE II INCIDENCE OF CURVE PROGRESSION IN FOUR 
REPORTED SERIES. 
Percentage of curves that progressed 
Series Number of Range of magnitude 
patients of the curves Double Thoraco- Thoracic 
(Degrees) Lumbar 
Clarisse 1 10  10-29 67 47 42 
Fustier 100 <45 75 69 54 
Bunnell 326 9-100 27 27 44 






The factors that have not been proved to be related to progression are the flexibility 
of the curve (Bunnell, 1983; Clarisse, 1974), sagittal deformity, lumbo-sacral abnorma­
lities and alignment of the trunk (Bunnell, 1983). 
There seems to be a great divergence in the incidence of curve progression in the 
different reported series. 
Since there was a great variability in the curves of the patients in the different series, 
comparisons are difficult to make. Also, the definition of progression, the ranges of 
magnitudes of the curves and the length of follow-up have all varied. An accurate 
definition of progression is important. Some authors have defined it as a 5 or 10 
degrees increase in a curve, irrespective of the magnitude of the curve. Lonstein and 
Carlson (1984) have employed a clinical definition, using the same criteria as those 
used to institute a non-operative treatment program such as bracing or electrical muscle 
stimulation. The criteria of progression were: 1). an initial curve of 19 degrees or less 
that increased at least 10 degrees, with the final curve being greater than 20 degrees 
(for example, a 15 degree curve that increased to 25 degrees, or a 7 degree curve that 
increased to 20 degrees) and 2. an initial curve of between 20 and 29 degrees that 
increased by 5 degrees or more. 
As the incidence of progression depends on the location and pattern of the curve, the 
percentages of the different curve patterns in these published series are important 
(Table III). 
Except for the series of Ponseti and Friedman and that of Bunnell, the patients in the 
studies had minimum curves. This wide variation in the incidences of the different 
types of curves represents either a different definition of each curve pattern (especially 
double curves) or regional, ethnic, or genetic differences, another manifestation of the 
multifactorial nature of idiopathic scoliosis. 
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TABLE ill DISTRIBUTION OF CURVE PATTERNS IN SEVEN 
REPORTED SERIES. 
Series Number of Curve patern (Percent) 
patients Thoracic Lumbar Thoraco- Double 
Lumbar 
Ponseti & 335 22 26 16 36 
Friedman 
Clarisse 1 10  28 39 14  19  
Rogala 1222 30 15  40 15  
eta] 
Fustier 100 25 25 17  33 
Bunnell 326 43 8 16 35 
Willner & 474 44 12 31 13 
Uden 
Lonstein & 727 31  1 1  10  48 
Carlson 
TABLE IV 
RISK OF PROGRESSION (PERCENT) (INCREASE OF 5 DEGREES OR 
MORE) 
Thoracic scoliosis, females Thoracic scoliosis, males 
Degrees at Skeletal age Degrees at Skeletal age 
detection 10-12 13-15 16- 0Detection 10-12 1 3-15 16-
- 19 25 10 0 - 19 3 2 1 
20- 29 60 40 1 0  20-29 6 5 4 
30- 59 90 70 30 
60- 100 90 70 
Despite the great variation in the incidence of curve progression in the literature, the 
prevalence and natural history committee of the American Research Society on Scoliosis 
and Kyphosis (Nachemson, Lonstein and Weinstein) has established for the various 
curve patterns, the risk of progression of the scoliosis at various stages of skeletal 
maturity and degree of curvature (1982) (Table IV) . 
For girls with lumbar curves the risk of progression seems less than half of the thoracic 
risk values, while thoraco-lumbar and double primary curves carry nearly the same 
risk of progressing as the thoracic ones. 
Again for boys these risks are considerably less, about one-tenth only. 
ill.3. Studies on the natural history of idiopathic scoliosis in adult years. 
There have been few studies with long-term follow-up of untreated patients with 
idiopathic scoliosis (Collis, Ponseti, 1969; Fowles et al, 1978; Nachemson, 1968; Nils­
sonne and Lundgren, 1968; Weinstein et al, 198 1 ,  1983). Originally it was thought 
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that once skeletal maturity was reached, there would be no tendency to progression 
of a curve (Cobb, 1948) . That curves progress after skeletal maturity was first establis­
hed by Collis and Ponseti (1969). 
The knowledge of what happens to the untreated adult patients has been further 
increased by Weinstein et al (1981, 1983) following up Collis' and Ponseti's old material. 
Scott and Piggott (1981) reported on eleven-year follow-up of 30 patients with an 
average age of 28 years. Fusion at the iliac epiphysis was taken as an indication of 
spinal maturity (Risser, 1936). In this short natural history, 60 percent of the curves 
progressed. Curves of more than 30 degrees with apical vertebral rotation, greater 
than 25 percent (measured according to the Nash- and Moe-method) were twice as 
likely to progress. In the study of Weinstein et al (1983) 68 percent of the curves 
progressed after skeletal maturity. In their study skeletal maturity was diagnosed by 
Risser's methods either grade IV (iliac epiphysis completely ossified) or grade V (illiac 
epiphysis fused to the ilium). 
In general, curves that were less than 30 degrees Cobb-angle at skeletal maturity tended 
not to progress regardless of curve pattern. Progression of curves that are greater than 
30 degrees appears to be related to the amount of vertebral rotation (rotation of more 
than 20 percent, measured by the Nash- and Moe-method) . Thoracic curves between 
50 and 75 degrees of Cobb-angle progress most rapidly, at approximately 0. 75 - 1 
degree per year. The progression of lumbar curves appears to be related to vertebral 
rotation (more than 33 percent, measured by the Nash- and Moe-method), the direction 
of the curve (right lumbar curves, on the average progressed twice as much as left 
lumbar curves), and the position of the fifth lumbar vertebra relative to the intercrest 
line. Lumbar curves that did not progress had either a sacralized or a well seated fifth 
lumbar vertebra. The fifth lumbar vertebra was said to be well seated if the intercrest 
line passes through the disc-space between the fourth and fifth lumbar vertebra or lies 
above that level. 
Progression of thoraco-lumbar curves is affected by vertebral rotation and the magni­
tude of the curve, similar to the thoracic curves. 
Combined curves tend to balance with age, with slightly greater progression in the 
lumbar component than in the initially larger thoracic component. 
111.4. Skeletal maturity. 
Skeletal maturity was diagnosed in most reported series concerning idiopathic sco­
liosis in the adult life by the Risser's method. Risser and Ferguson found that, on an 
average, vertebral growth ceased at 14 years and 3 months in females and stated: ' the 
completion of the ossification excursion of the iliac epiphysis had been proven to occur 
simultaneously with the completion of vertebral growth and with it the curve is static'. 
Calvo (1957), on the other hand, related carefully measured vertebral growth to the 
appearance of various maturational indices, including skeletal age, in a group of 72 
adolescent girls. He found that chronological age and menarche were of relatively little 
value in assessing growth potential and also observed that in some patients, as in the 
serie of Anderson et al (1965), growth of the spine continued after completion of 
ossification of the iliac epiphysis. 
Skeletal age gives a more true representation of bone maturity than chronological age 
or the ossification of the iliac epiphysis, but the evaluation of the vertebral ring apo­
physis is an even better guide to determine bone maturity. 
23 
m.S. Morbidity and mortality of the idiopathic scoliosis in adult years. 
In 1968 Nachemson, Nillsonne and Lundgren published long-term follow-up studies 
that expressed a grim prognosis for patients with untreated scoliosis. Nachemson 
reported a 38-year follow-up of 130 patients with untreated scoliosis. Thirty percent 
claimed disability because of their deformity . There was a 100 percent increase in the 
mortality rate compared to the general population and 16 of the 20 deaths were due 
to cor pulmonale. Thirty-seven percent of the patients had constant back ache, and 
14 percent complained of cardio-pulmonary symptoms. It is important to note that 
only 59 (45 percent) patients in Nachemson's study had idiopathic scoliosis. The 
remainder included patients with congenital scoliosis, paralytic scoliosis, scoliosis se­
condary to tuberculosis, neuro-fibromatosis, and other miscellaneous diseases. Only 
12 patients were seen in the follow-up. Of the 16 deaths due to cor pulmonale, only 
three occurred in patients with idiopathic scoliosis. Although no radiographs were 
available, Nachemson postulated that the constant back ache in these patients probably 
was due to osteoarthritis. Similar findings were reported by Nillsonne and Lundgren 
(1968) and Fowles et al (1978). In all of these cited studies, curves with different 
aetiologies are included. They may have a significant bearing on the ability of patients 
to meet the demands of daily life, work and so on. 
In contrast to all the other long-term follow-up studies, the study of Weinstein et al 
(1981) consists solely of patients with adolescent idiopathic scoliosis. 
They concluded that back ache was slightly more common in patients with scoliosis 
than in general population, but it was not disabling. Furthermore, back ache was 
unrelated to the presence or absence of osteoarthritic changes or to the severity of the 
curve, but was more common in the lumbar curves. The cosmetic deformity of 
scoliosis was better accepted by the older patient, but there was no correlation between 
the location or degree of curve and the psychosocial effects. 
Scoliosis affected pulmonary function only in patients with thoracic curves and did 
not cause significant limitation to the vital capacity and the forced expiratory volume 
in one second in non-smokers until the curve approached 100 to 120 degrees Cobb-ang­
le. 
The pattern in the non-smokers was uniformly characteristic of restrictive lung-disease. 
The 15 percent mortality rate in their serie is similar to the 17 percent predicted 
mortality rate of a matched group of people from the general population but differs 
significantly from the often quoted figures of Nachemson and of Nillsonne and Lund­
gren. 
ffl.6. Summary. 
There is much to learn regarding the basic biological mechanism responsible for 
idiopathic scoliosis. 
Ultimately, a better understanding of the disease process may lead to more effective 
treatment. 
No progression occurs in the vast majority of adolescent idiopathic scoliotic curves 
of 1 9  degrees or less, and over-all, less than 50 percent of adolescent curves of 20 to 
30 degrees do not progress. 
It obviously will be very beneficial if the treating physician can accurately predict 
which curves will progress. Various approaches have therefore been tried. Schultz et 
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al (1979) proposed that the morphology of the spine is related to progression in that 
progressive curves are more observed in relatively slender spines. 
Redford et al (1969) using electromyography of the paraspinal muscles, reported a 
difference in the findings between progressive and non-progressive curves. 
Ponte (1982) proposed using specific values for rotational prominence as determinant 
of progression and Armstrong et al (1982) stated that non-standard vertebral rotation 
(rotation of the spinous process towards the convexity of the curve) is related to a 
low risk of progression. Each of these studies, however, consisted of a single report, 
and no subsequent confirming studies have been published. 
There has been a fairly good agreement in the literature concerning the factors that 
appear to be related to curve progression in adolescent idiopathic scoliosis: the pattern 
and magnitude of the curve, age and maturity. 
In general, curves of less than 30 degrees at skeletal maturity tend not to progress. 
This is regardless of curve pattern. In thoracic and thoraco-lumbar curves the Cobb­
angle and the apical vertebral rotation are important prognostic factors. In lumbar 
curves the degree of apical vertebral rotation, the Cobb-angle, the direction of the 
curve and the relationship of the fifth lumbar vertebra to the intercrest line are of 
prognostic value. 
Only the severe thoracic curves carry with them a high risk of over-morbidity and 
over-mortality due to pulmonary insufficiency. 
The back ache is definitely not of common occurence, nor is it terribly severe. If it is 
severe, then it is more so in patients with lumbar scoliosis. 
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KINEMATICS OF THE SCOLIOTIC SPINE AS 
RELATED TO THE NORMAL SPINE. 
IV.1. Introduction. 
A comprehensive knowledge of spinal kinematics is of paramount importance for 
the understanding of all aspects of the clinical analysis and management of spinal 
problems. 
Kinematics is that phase of mechanics concerned with the study of motion of rigid 
bodies, with no consideration of the forces involved. 
The coordinate system, used in this thesis, has been adapted from Panjabi et al (1974) , 
who introduced a right-handed orthogonal coordinate system (fig. 15). The origin of 
this system is between the comua of the sacrum with the human body in the anatomical 
position. The negative Y-axis is described by the plumbline dropped from the origin, 
the positive Z-axis points forward, perpendicular to the Y-axis. The positive X-axis 
points to the left, perpendicular to the Y- and Z-axes. The sagittal plane is the Y-Z 
plane, the frontal plane is the Y-X plane and the horizontal plane is the X-Z plane. 
Fig. 15. The global reference system. 
Besides the central reference system, there are local coordinate systems which may be 
set up parallel to the central coordinate system (fig. 16). The local Z-axis is a sagittal 
axis, parallel to the upper end plate of the vertebra, and pointing at the spinous process. 





Fig. 16. The local reference system. 
Z-axis. In a symmetrical vertebral body the local X-axis coincides with the longitudinal 
axis of the elliptically formed end plates of the vertebral body. The local Y-axis is 
perpendicular to both the local X- and Z-axes. 
In spinal kinematics, movements are described in relation to the origin of a coordinate 
system. A general motion consists of rotation and translation which may be expressed 
as a vector. 
The other terms in this section are defined in the Appendix. 
IV .2. Physiological motions. 
As a vertebra goes through its ranges of motion, the pattern of motion is determined 
by a combination of the geometrical anatomy of the structures and their physical 
properties. 
The flexion-extension movement is a combination of rotation about the X-axis and 
translation along the Z-axis. The flexion-extension movement within the physiological 
range will not be hindered by the facet articulation, because the displacement within 
the facet joints will be symmetrically. The range of flexion-extension motion is to 
some extent dictated by the geometry and stiffness of the disc (Fick, 1904). 
However, during lateral flexion (= rotation about the Z-axis and translation along 
the X-axis) an asymmetrical displacement within the facet joints will occur: the inferior 
articular process will displace upwards on the convex side and downwards on the 
concave side. 
Combined with the asymmetric tension within the intertransverse ligaments, this will 
result in a rotational movement about the longitudinal axis (Y-axis) (fig. 17). In other 
words, there exists a coupling between lateral flexion and axial rotation. This has been 
known for a long time (Bigelow, 1844). Lovett (1907) gave an extensive description 
of the possibilities of movements of the spine by means of in vivo studies and cadaver 
studies. Later Lysell (1969) studied the cervical spine, White (1969) the thoracic spine, 
Rolander (1966) and Schultz (1979) the lumbar spine, Miller and Skogland (1980) the 
complete spine of a child. 
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Fig. 17. Coupling between lateral flexion and axial rotation due to geometrical arrangements. 
A major survey on the biomechanics of the spine has been compiled by White and 
Panjabi (1978). When summarized it appears that in the lower cervical and upper 
thoracic part of the spine there is an axial rotation during lateral flexion so that the 
spinous processes rotate towards the convexity of the spine (fig. 18). 
In flexion the coupling pattern of the lower thoracic part is comparable to the cervical 
part of the spine, although less strong which is a reflection of the inclination of the 
joints, as later explained. During extension this coupling pattern is not uniform. In 
the literature we find a description of the axial rotation of the thoracic spine towards 
the convexity (Lovett, 1907; Gregerson and Lucas, 1967) as well as to the concavity 
(Feiss, 1907; Novogradsky, 191 1 ;  Arkin, 1950) of the spine during lateral flexion (fig. 
1 8). 
The direction of axial rotation during lateral flexion is often described confusingly in 
the literature. 
Sometimes, the direction is described in relation to the spinous processes, or in relation 
to the vertebral bodies, or both and sometimes the reference point is omitted. As 
previously discussed is chapter II, in idiopathic scoliosis the spinous processes are 
rotated towards the concave side in the dorsal spine. To find an explanation for the 
paradoxical coupling that occurs in idiopathic scoliosis, we first need a better understan­
ding of the coupling in a normal spine. 
An analysis of the influence of the spinal curvature and facet joint orientation on the 
kinematic behaviour of the normal spine has been made by Scholten and Veldhuizen 
( 1985) and will be discussed as part of this thesis. 
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Fig. 18. Cervico-thoracic (A) and thoraco-lumbar (B) segments of a normal spine flexed laterally 
to the left. 
IV.3.1. Influence of facet joint orientation in a normal spine. 
During lateral flexion an asymmetrical displacement within the facet joints will 
occur (fig. 1 7). The pattern of spinal movements is dependent upon the shape and 
position of the articulating processes of the diarthrodial joints. It is the orientation of 
these joints in space that determine their mechanical importance (White and Panjabi, 
1978) . The spatial orientation of the facet joints shows a changing pattern within the 
various regions of the spine. In the thoracic and lumbar spine the facet joints (fig. 5) 
are rotated about the X-axis (frontal plane inclination) and about the Y-axis (horizontal 
plane inclination) . 
The influence of these inclinations with respect to the coupling pattern has been 
examined by means of a threedimensional non-linear geometrical mathematical model 
of the spine. This model represents the spine as a collection of 17  rigid bodies, each 
corresponding to a thoracic and a lumbar vertebra, interconnected by deformable 
elements, representing the intervertebral discs and ligaments with separate elements 
to represent the intervertebral joints. 
As described in the Appendix in more detail, the analysis shows that the frontal 
inclination of the facet joint is of importance in the coupling mechanism between 




Fig. 19A.  Orientation of a facet joint with respect to a horizontal plane. 







0 02 0.4 06 08 10 
a'3y 
Fig. 20A. The relationship between lateral flexion (a), axial rotation (P) and ventral flexion (y) 






Fig. 20B. The same for the facet joint angle l'> 2. 
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IV.3.2. Influence of sagittal spinal curvature in a normal spine. 
The complete kinematics of the spine depend upon the kinematic properties of the 
motion segments and the position of the various motion segments, relative to one 
another. Movements are described in relation to the origin of a coordinate system. 
To understand the influence of sagittal spinal curvature on the coupling between lateral 
flexion and axial rotation, we will analyse its influence with the facet joints completely 
excised and disregard for a moment the role of the facet joint orientation in the frontal 
plane on this coupling behaviour. Lateral flexion of the spine means rotation about 
the Z-axis and translation along the X-axis of the global reference system. If the spine 
was completely straight in the sagittal plane, with no curvature, then all the motion 
segments would have the same orientation in respect to the global reference system. 
The global Z-axis will coincide with the local Z-axis of the motion segments, i.e. 
rotation about the global Z-axis coincides with rotation about the local Z-axis. 
Therefore, if a motion segment has a neutral position in relation to the global reference 
system, lateral flexion of the spine means lateral flexion with no axial rotation of that 
neutral motion segment. However, the spine does have a sagittal curvature, which 
means that various motion segments have an asymmetrical position for their local 




Fig. 21. The influence of the sagittal orientation of a 
vertebra on the coupling mechanism. 
flexion of the spine means local lateral flexion as well as axial rotation as clearly 
demonstrated in figure 21. 
If the motion segment has a ventral inclination (kyphotic) then the direction of the 
axial rotation is negative, meaning the spinous processes rotate towards the convexity 
of the spine and if the motion segment has a dorsal inclination (lordotic) ,  the spinous 
processes rotate towards the concavity of the spine. With the spine in a neutral position 
(no flexion or extension) ventrally inclined vertebrae can be seen in the upper thoracic 
and lower lumbar regions while dorsally inclined vertebrae can be found in the lower 
thoracic (from T8-T9) and upper lumbar regions (fig. 3) . 
IV.3.3. Discussion. 
The frontal plane inclination of the facet joints mainly influences the coupling be­
tween lateral flexion and axial rotation. The direction of the axial rotation is such that 
the spinous processes rotate towards the convexity of the spine. As shown in figure 
22, the axial rotation during lateral flexion decreases with increasing frontal plane 
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Fig. 22. The relationship between the ratio of the axial rotation and the lateral flexion with 
respect to the facet joint orientation. 
inclination of the facet joints. In a normal spine the coupling mechanism between 
lateral flexion and axial rotation will be influenced by the frontal plane inclination of 
the facet joints as well as by the sagittal inclination (fig. 23) . 
For the upper part of the thoracic spine, a reinforcement of this axial rotation will 
occur as a result of the ventrally inclined orientation of the vertebrae. In the lower 
thoracic and upper lumbar region of the spine, the facet joints and the vertebral 
orientation have oppositive influences on the coupling pattern. Flexion of this part of 
the spine will mean that a dorsally inclined vertebra will become a ventrally inclined 
vertebra and the opposing effect will be diminished, while extension of this part of 
the spine will reinforce the oppositive influence and may even result in a reversed 
direction of the axial rotation as compared to the upper thoracic part of the spine. So 
the axial rotation will also be controlled by means of the vertebral orientation (Vercau­
teren, 1980). Perhaps this is the explanation for the controversy in the literature con­
cerning the direction of the axial rotation during lateral flexion in the lower thoracic 
and upper lumbar regions. 
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Fig. 23. Factors influencing the coupling mechanism between lateral flexion and axial rotation 
in a non-pathological spine. 
IV.4.1. Kinematics of a scoliotic spine. 
Although the term scoliosis implies a lateral curvature of the spine, the deformities 
encountered in idiopathic scoliosis are complex. Abnormal wedging, angulation, ro­
tation of the spinous processes towards the concavity of the curve, and changes in the 
position of the vertebrae within the curve are characteristics of idiopathic structural 
curves as described by Cobb (1960) . 
Axial rotation is an essential feature of idiopathic scoliosis and its significance has 
already been stressed by Adams (1 865), among others, more than a century ago. 
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No satisfactory explanation of the rotational deformity is presented in the literature. 
As mentioned, there is a relationship between the curvature of the spine and its kine­
matics. There exists a kinematic coupling between lateral flexion and axial rotation 
meaning that lateral flexion is associated with axial rotation about the longitudinal 
axis of the vertebrae. 
In idiopathic scoliosis there is a change in the spinal configurations. What is the effect 
of this altered spinal configuration on the kinematic behaviour? Many reports in the 
literature have been published concerning the kinematic behaviour of non-pathological 
spines. We have, however, not found any report on this subject in relation to scoliotic 
spines. We have analysed the influence of the characteristic features of idiopathic 
scoliosis on the kinematic behaviour, to study whether a difference in the kinematic 
behaviour between scoliotic and non-pathological spines exists. 
IV.4.2. Influence of the axially rotated position ofa motion segment on lateral 
flexion. 
Suppose a normal motion segment in a rotated position about the longitudinal axis, 
as shown in figure 24A. 
During lateral flexion of the spine, there is a lateral flexion of the motion segment as 
well as ventral flexion, due to the rotated local reference system in respect to the global 
reference system (fig. 24B). This lateral flexion of such a motion segment will still be 
accompanied by axial rotation. 
The direction of this axial rotation during lateral flexion is comparable to the direction 
of axial rotation during lateral flexion of a non-rotated motion segment. The extent, 
however, diminishes with an increasing axial rotation of the motion segment (fig. 24C). 
If the motion segment is rotated through 90 degrees, lateral flexion of the spine will 
cause exclusively ventral flexion of the motion segment. 
In other words, an axially rotated position of a motion segment will diminish the 
coupling behaviour between lateral flexion and axial rotation at segmental level. 
IV.4.3. Influence of the axially rotated position ofa motion segment on ventral 
flexion. 
Consider a normal motion segment in a rotated position about the longitudinal axis, 
as shown in figure 25. 
During ventral flexion of the spine, there is a ventral flexion of the motion segment 
as well as lateral flexion, due to the rotated local reference system in respect to the 
global reference system (fig. 25). 
This lateral flexion will still be accompanied by axial rotation and the direction of this 
axial rotation does not differ from the direction of axial rotation during lateral flexion 
of a non-rotated segment. 
It means that if at segmental level the lateral flexion is to the left side, the spinous 
processes at that level will rotate towards the right side. During extension of the spine 
a similar behaviour can be observed, but then in the opposite direction. 
IV .4.4. Influence of facet joints. 
In idiopathic scoliosis the facet joints of the concave side of the curve will alter their 
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Fig. 24A. Lateral flexion of a normal motion seg­
ment (= rotation about the Z- axis) . 
Fig. 24B. Lateral flexion of an axially rotated motion 
segment. The local reference system is rotated in 
respect to the global reference system. 
Fig. 24C. The motion segment is rotated 90°. 
A 
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Fig. 25A. Ventral flexion/extension of a nor­
mal motion segment (rotation about the X­
axis) . 
Fig. 25B. Ventral flexion/extension of an 
axially rotated motion segment. The local 
reference system is rotated in respect to the 
global reference system. 
Fig. 25C. Thi: motion segment is rotated 90n. 
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behaviour is mainly through its inclination in the frontal plane. Alterations of the 
shape of the facet joints, as seen in idiopathic scoliosis, have little influence on the 
coupling behaviour between lateral flexion and axial rotation. 
Asymmetrical facet joints are of little consequence, as far as kinematic behaviour is 
concerned. 
IV .4.5. Influence of sagittal inclination. 
As already mentioned, the sagittal inclination of a motion segment has influence on 
the coupling between lateral flexion and axial rotation. A rotated position of the motion 
segment will not alter this influence. As shown above, a dorsal inclination of a motion 
segment can oppose the effect of the facet joint orientation on the coupling behaviour 
between lateral flexion and axial rotation. A dorsal inclination, as can be seen in the 
lower thoracic and higher lumbar part of a normal spine, can be the result of anterior 
overgrowth and/ or tethering of posterior structures during muscle action in a scoliotic 
spine. 
An axially rotated position of a motion segment and a dorsal inclination of a motion 
segment, will both diminish the effect of the facet joint orientation on the coupling 
behaviour between lateral flexion and axial rotation. 
IV.5.1. Validation methods. 
To examine kinematic behaviour of scoliotic spines in comparison to non-patholo­
gical spines, lateral flexion films were studied in detail to determine if, during lateral 
flexion of the scoliotic spine, the rotated position of the vertebrae alters and in which 
direction this occurs. If five of these patients antero-posterior radiographs were also 
made with the spine in a ventrally-flexed position. Secondly, the physiological spinal 
motions were analysed with a television video-system in patients with idiopathic 
scoliosis. Thirdly, a muscle stimulation study was performed in scoliotic patients. 
IV .5.2. Radiological analysis. 
Materials and methods. 
When a patient with idiopathic scoliosis requires treatment because of worsening of 
the scoliosis, lateral flexion films are performed routinely. The present material, inclu­
des 40 patients with progressive, adolescent idiopathic scoliosis (30 females and 10 
males), referred to the Orthopaedic Department of the University Hospital ofGronin­
gen, The Netherlands. The mean age in both groups was 13.6  years. The X-ray films 
used, were made before the start of the treatment. All spinal curvatures were measured 
in degrees as described by Cobb. The mean Cobb-angle in both groups was 31 degrees. 
There were 12 single thoracic, 19 thoraco-lumbar and 10 single lumbar curves. In five 
of these patients antero-posterior radiographs were also made with the spine in a 
ventrally-flexed position. 
Results of the radiological study. 
In figure 26A a segment of a right thoracic idiopathic scoliosis is shown. During 
lateral flexion to the right, the convexity of the laterally flexed spine is on the left 
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Fig. 26. A segment of an A.P. (A) ,  left (B) 
and right lateral flexion film (C) of a patient 
with thoracic idiopathic scoliosis. 
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side. As shown, the thoracic spinous processes rotate even more towards the left side 
(fig. 26B) . 
During lateral flexion to the left, the spinous processes rotate towards the right (fig. 
26C) . Comparing the X-ray in left lateral flexion of a normal spine to the X-ray in 
left lateral flexion of a scoliotic spine, it is seen that there is no difference in kinematic 
behaviour (fig. 27) . 
Fig. 27. Comparison between lateral tlexion of a normal spine (A) and a scoliotic spine (B). 
A segment of a thoraco-lumbar curve is exemplified in figure 28A. In a normal spine, 
the spinous processes in the thoraco-lumbar region rotate towards the concave side 
during lateral flexion. 
During lateral flexion, this also happens in a scoliotic spine (fig. 28B) . If the thoraco­
lumbar region is extended, the axial rotation of the spinous processes towards the 
concave side is less in a non-pathological spine. This also occurs with a scoliotic spine; 
the axial rotation of the spinous processes towards the concavity of the spine during 
lateral flexion is also less when the thoraco-lumbar junction is extended (fig. 29) . As 
already explained, during ventral flexion of a scoliotic spine, the spinous processes 
will rotate towards the convexity of the curve, improving the existent axial rotation, 
as exemplified in figure 30. 
IV .5.3. Physiological spinal motion study. 
Materials and methods. 
Secondly we studied the physiological spinal motion in patients with idiopathic 
scoliosis. A television motion system was used. Figure 31 shows the testing arrange­
ment. 
LED-targets were mounted on two lightweight rigs which were taped to the spinous 
processes at the apex of the curves. 
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Fig. 28. A segment of an A.P. (A), left (B) 
and right lateral flexion film (C) of a patient 
with thoraco-lumbar idiopathic scoliosis. 
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Fig. 29. The same idiopathic scoliosis with the 
thoraco-lumbar junction in extension. 
Fig. 30. A segment of an A.P. (A) and ventral flexion film (B) of a patient with thoraco-lumbar 
idiopathic scoliosis. 
The spine of the subjects was marked with LED-targets on a chain, also attached 
to the spinous processes (fig. 31). 
Normal spinal movements, ventral flexion, extension, lateral flexion to the right and 
to the left, were performed and registered on videofilm. 
The present material includes 15 patients (12 females and 3 males) with adolescent 
idiopathic scoliosis, confirmed by X-rays, referred to the Orthopaedic Department of 
the University Hospital of Groningen, The Netherlands. The mean age and the mean 
Cobb-angle in both groups were 15,6 years and 35 degrees, respectively. The television 
data were analysed. 
Results of the physiological spinal motion study. 
As demonstrated in figure 32, the spinous processes rotate towards the convexity 
during lateral flexion. In a scoliotic spine with the convexity of the curve to the right, 
the spinous processes rotate to the left, during lateral flexion to the right, resulting in 
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Fig. 3 1 .  The test arrangement of the physiological 
motion study. 
an increase in the rotated position of the vertebrae. During lateral flexion to the left, 
the reversed effect is obtained. (The angle between the vertical axis of the target rig 
and the LED-chain becomes smaller during lateral flexion to the left in a patient with 
a right convexed thoracic scoliosis). 
This behaviour does not differ from that of a non-pathological spine. 
During ventral flexion of a scoliotic spine with the convexity of the curve to the right, 
an increase in the lateral deviation is demonstrated as well as a rotation of the spinous 
processes towards the right, i.e. towards the convexity of the curve, resulting in a less 
rotated position of the vertebrae (fig. 33). During extension a similar behaviour can 
be observed, but then in the opposite direction. 
This kind of behaviour is not seen in a non-pathological spine. 
IV.5.4. Muscle stimulation study. 
Materials and methods. 
Thirdly, muscle stimulation was performed in patients with progressive adolescent 
idiopathic scoliosis. Because of the invasive nature of the study, it was undertaken on 
patients who needed a Harrington-spondylodesis and was performed directly prior to 
the actual operation. 
The patients characteristics are summarized in Table V. A standardized anaesthetic 
regime was used (Table VI) in which the muscle relaxant was carefully chosen. The 
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Fig. 32. Physiological motion study in a 
patient with a right thoracic and left lum­
bar idiopathic scoliosis, flexing the spine 
to the left side. 
The thoracic spinous processes rotate to­
wards the right side. 
Fig. 33. The same patient flexing the spi­
ne ventrally. The thoracic spinous pro­
cesses rotate towards the right side, im­
proving the existing axial rotation. 
working time of the chosen muscle relaxant, used during the intubation of the patient, 
was such that it had a negligible influence on the actual measurements. 
The patients were positioned on a well-padded four-poster frame, allowing the abdo­
men and part of the chest to remain completely free. To document the biomechanical 
effect of applying electrical muscle stimulation with the electrodes positioned at diffe­
rent distances from the scoliotic spine a special device was constructed. This device, 
a goniometer, measured the rotation and displacement of the apical vertebra in the 
horizontal, frontal and sagittal body planes, relative to the distal first neutral vertebra. 
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TABLE V. CLINICAL MATERIAL. 
Patient Sex/ Curve Apex Curve Bending Ratio Thoracic Level. 
No. Age Location Level Magnitude(0) Film(°) Bending Film/ K yph. Goniomt. 
Curve Magn. 
1 F/14 T5-T12 TB 74 40 0.54 1 5  T8 -Tl2. 
2 M/43 T5-L2 Tl l 76 50 0.65 55 T1 1-L2 . 
3 F/14 T5-T12 T9 75 35 0 .46 20 T9 -Lt 
4 F/15 T6-T12 TB 87 38 0 .43 30 T8 -T12. 
5 F/14 T5-T12 TB 55 20 0.36 10  TB -Tl2. 
6 F/18 T6-T12 T9 55 28 0.50 1 2  T9 -Ll 
7 F/15 T4-Tl l TB 45 18  0.40 2 TB -T1 2. 
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Fig. 34. The goniometer attached to the spinous process of the apical vertebra and the distal 
first neutral vertebra. 
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This device measured the rotation with an accuracy of 0.3 degrees and the displacement 
with the same accuracy in millimeters. 
The goniometer was connected to an A-D converter and an Apple Micro-Processor®. 
The information was stored on floppy discs. 
From a recent standing anterior-posterior radiograph, the apex of the major curve and 
the distal first neutral vertebra in the frontal body plane was determined. After the 
standard straight skin incision only the spinous process of the apical and the distal first 
neutral vertebra were exposed. The goniometer was firmly attached to the spinous 
process of these vertebrae (fig. 34) . 
A constant-current dual-channel neuro-muscular stimulation system, with adjustable 
parameters, Respond II TM, model 3128, produced by Medtronic® was used (fig. 35). 
The amplitude of the square wave stimulation pulses was 1 00 mA. The pulse width 
and the pulse repetition rate was set to 300 micro-seconds and 30 Hz, respectively. 
The muscle contraction was abruptly released after stimulation with the hand-held 
switch, and the output dropped abruptly after each impulse. The polarity of the 
electrodes was chosen at random for each patient but was maintained for all the different 
placements in that patient. Needle electrodes, Monoject 250, were used for this study. 
During one stimulus period, five samples were recorded. Various electrode placements 
on the concave and convex sides of the curvature are shown in figure 36: 
- lateral position, in the mid-axillary line, represented by no. 1 on the concave and 
no. 6 on the convex side. 
- intermediate position, in the mid-scapular line, represented by no. 2 in the concave 
and no. 5 on the convex side. 
- in some patients also half-way between the medial and intermediate positions, repre­
sented by no. 3 on the concave and no. 4 on the convex side. 
- medial position, at the centre of the paraspinal muscle bulk, symmetrically around 
the apical vertebra, represented by no. 7 on the concave and no. 1 1  on the convex side. 
- three other medial positions below the apical vertebra, but between the two levels 
of the goniometer were analysed, represented by no. 8, 9 and 10 on the concave 
and no. 12, 1 3  and 1 4  on the convex side. 
For the various electrode positions, a direct comparison between the reaction obtained 
with transcutaneous (superficial musculature) and subcutaneous (deep musculature) 
stimulation was made. 
Special electrodes were used for this part of the study. The electrodes were well 
insulated, so that the stimulus was only released from the tip of the needle. 
In a number of patients, the effect of increasing the distance between the electrodes 
was analysed for the various electrode positions, on the convex side of the curve. 
The distance between the electrodes was increased from 2 to 8 centimeters in steps of 
2 centimeters. In a number of patients more than one pair of electrodes was used at 
the same time and at the same position on the convex side of the curve. The effect of 
one, two and four pairs of electrodes, used simultaneously, was studied. Two pairs 
of electrodes were connected to one channel. 
The amplitude, pulse width and repetition rate was the same for each pair of electrodes. 
Results. 
The results of the measurements are shown in figure 37. The five samples, recorded 
during one stimulus, were averaged. 
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Fig. 35. A dual-channel neuro-mus­
cular stimulation system, with adjus­
table parameters, Respond II TM, 
model 3 128 produced by Medtronic. 
goniometer 
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Fig. 37 A. The overall responses of muscle stimulation on lateral flexion for the various electrode 
positions. A positive lateral flexion means an increase in the existing lateral deviation. 
Fig. 37B. Similar responses regarding axial rotation. A negative axial rotation means rotation 
of the spinous processes towards the concavity of the curve, i. e. an increase of the already 
existing axial rotation. 
Fig. 37C. Similar responses regarding flexion-extention. A positive response means flexion and 
a negative response extension. 
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The results of the measurements were standardized to make comparison between 
different patients possible: the largest response in lateral flexion for each patient was 
standardized to one unit and the other responses were scaled proportionately. 
- Lateral flexion. 
In figure 37 A the overall responses of muscle stimulation on lateral flexion for the 
various electrode positions are shown. A positive lateral flexion means an increase in 
the lateral deviation. 
Muscle stimulation on the concavity of the curve induced a worsening of the scoliotic 
deformity for all the electrode positions and patients tested, with the exception of the 
second patient. The responses of muscle stimulation on the convexity of the curve 
was quite different (Table VII). The first patient reacted unfavourably during stimula­
tion close to the spine and also by more lateral positioning of the electrodes. The 
responses in the second patient worsened by moving the stimulation electrodes from 
medial to lateral and even resulted in an increase of the deformity in the mid-axillary 
position. The third patient, however, demonstrated just the opposite reaction. Move­
ments of the stimulation electrodes from medial to lateral, as well as distally from the 
medial apical position, resulted in improved responses. Medial placement of the elec­
trodes around the apex was certainly the best position for stimulation in the fourth 
and seventh patient, while moving the stimulation electrodes from medial to lateral, 
did not make much difference in the fifth and sixth patient. Unlike the third patient, 
unfavourable responses occurred in the fifth patient by moving the stimulation electro­
des distally from the apex. 
TABLE Vll. 
MUSCLE STIMULATION ON THE CONVEX SIDE OF THE CURVE 
LATERO FLEXION 
Patient Medial position Intermediate Lateral 
No. APEX LEVEL DISTAL OF APEX position position 
2 ++  ++  + 
3 + ++ + 
4 + + 
5 + + ++ 
6 + + ++ + 
7 + 
+ = favourable position 
- = unfavourable position 
- Axial rotation. 
Muscle stimulation on the concavity and on the convexity of the curve induced a 
negative axial rotation; as shown in figure 37B. 
A negative axial rotation means that the spinous process rotates even further towards 
the concavity; i. e. an increase in the already existing axial rotation. By moving the 
stimulation electrodes on the concave side from a medial to a lateral position, an 
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improvement in axial rotational responses could be observed. Similar unfavourable 
results occurred during stimulation on the convexity of the curve. Only the last patient 
had a marked positive response, meaning a marked improvement of the existing axial 
rotation. A number of patients (no. 2, 3, 4 and 5) showed an improvement in axial 
rotational responses and sometimes a positive response, by moving the stimulation 
electrodes from medial to lateral as well as distally from the medial apical position. 
The remaining 3 patients (no. 5, 6 and 7), however, demonstrated just the reversed 
pattern: they had an improvement or even a positive response during stimulation in 
the medial apical position. 
- Flexion-extension. 
Muscle stimulation on the concave and on the convex sides of the curve induced in 
the majority of the patients an extension of the spine, as shown in figure 37C. 
By moving the stimulating electrodes from a medial to a lateral position as well as 
distally from the medial apical location, the extensor responses decreased and in some 
cases resulted even in a flexor response. 
- Transcutaneous versus subcutaneous stimulation. 
As shown in figure 38A stimulation of the superficial musculature and of the deep 
musculature produced very similar responses, regarding lateral flexion. Neither was 
there much difference in axial rotation (fig. 38B) and flexion-extension (fig. 38C) 
responses. 
- The electrodes distance. 
In two patients the distance between the electrodes was increased and analysed for the 
various electrode positions on the convex side of the curve. 
The response of muscle stimulation with a short electrode distance (2 and 4 centimeters) 
and a long electrode distance (6 and 8 centimeters) are shown in figure 39. 
The first patient showed the most favourable response in the intermediate position of 
the electrodes, and the second patient in the medial position, regarding the lateral 
flexion, but there was no difference between the short or long electrode distances (fig. 
39A). 
A negative axial rotation could be observed in both patients, but again no difference 
between the short and the long electrode distance (fig. 39B). The same observation 
could be made for flexion-extension (fig. 39C). 
- Number of electrodes. 
In one patient, 1 ,  2 and 4 sets of electrodes were used at the same time and at the same 
location at the convex side of the curve. Using 1 or 2 sets on one channel made little 
difference, but using 4 sets on two channels gave much larger responses for lateral 
flexion (fig. 40A), axial rotation (fig. 40B) and flexion-extension (fig. 40C). 
- Discussion. 
The results of the muscle stimulation study will be discussed in Chapter V on the 
treatment aspects. The muscle stimulation response to axial rotation (fig. 37B) showed 
an increase in the existing axial rotation in nearly all our patients. Muscle stimulation 
either on the concave or on the convex side of the curve, makes no difference. Figure 
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Fig. 38A. Stimulation of the superficial musculature and the deep musculature produced very 
similar responses, regarding lateral flexion. A positive lateral flexion means an increase in the 
existing lateral deviation. 
Fig. 38B. Similar responses regarding axial rotation. A negative axial rotation means an increase 
in the existing axial rotation. 
Fig. 38C. Similar responses regarding flexion-extension. A positive response means flexion. 
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Fig. 39. The response of muscle stimulation 
with a short electrode distance and a long 
electrode distance in two patients. 
Fig. 39A. No difference between short and 
long electrode distance, regarding lateral 
flexion. 
Fig. 39B. The same observation, regarding 
axial rotation. 
Fig. 39C. The same observation, regarding 
flexion-extension. 
show a similar appearance. As can be seen in figure 41, there is a relation with a 
correlation-coefficient of 0. 7 between axial rotation and flexion-extension, and no 
relation (correlation-coefficient = 0) between lateral flexion and axial rotation (fig. 
42). By means of a three-dimensional geometrical non-linear mechanical model it can 
be shown that a coupling exists between the axial rotation and flexion-extension motion 
for scoliotic spines. Extension of a scoliotic spine will produce a negative axial rotation, 
i.e. the spinous process rotates towards the concavity of the curve (fig. 43). Flexion 
of a scoliotic spine will produce a positive axial rotation, i.e. the spinous process rotates 
towards the convexity of the curve improving the already existing axial rotation (fig. 
43). 
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Fig. 40A. Using 4 sets gave much larger 
responses on lateral flexion. 
Fig. 40B. The same observation, regarding 
axial rotation. 
Fig. 40C. The same observation, regarding 
flexion-extension. 
Fig. 40. In one patient, 1 ,  2 and 4 sets of electrodes were used at the same time and at the same 
location at the convex side of the curve. 
56 
-12  - 1 1  -10 -9 -8 -7 -6 -Ji -• -J 
•"" 
. .. 
\ . . 
• t:. .. . t . . � . t: . 
I 







2 J 5 6 7 8 9 AXIAL . aoT, 
Fig. 41 . A relation, with a correlation-coefficient of 0. 7 between axial rotation and flexion-ex­
tension. 
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Fig. 42. No relation (correlation-coefficient = 0) between axial rotation and lateral flexion. 
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Fig. 43. A computer simulated plot of a simulated flexion and extension motion of a scoliotic 
spine. 
A positive lateral flexion means an improvement of the existing lateral deviation. 
A positive axial rotation means rotation of the spinous processes towards the convexity of the 
curve i.e. an improvement of the existing axial rotation. 
IV .6. Summary. 
A comprehensive knowledge of spinal kinematics is of paramount importance for 
the understanding of all aspects of the clinical analysis and the management of spinal 
problems. 
It has been known for a long time that a coupling exists between the lateral flexion 
and axial rotation in a normal spine as a result of the geometric arrangement of the 
motion segments. The frontal plane inclination of the facet joints in conjunction with 
the vertebral orientation in the sagittal plane influence the kinematic behaviour in the 
normal spine. 
Although the term scoliosis implies a lateral curvature of the spine, the deformities 
encountered in idiopathic scoliosis are complex. 
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Axial rotation is an essential feature ofidiopathic scoliosis. To understand the behaviour 
of a scoliotic spine, a study was made of its kinematics. In a scoliotic spine there is 
also a coupling between the lateral flexion and axial rotation. The direction of axial 
rotation during lateral flexion of a scoliotic spine does not differ from that of a non-pa­
thological spine. It is shown, that an axially rotated position of a motion segment and 
a dorsal inclination of a motion segment, both oppose the effect of the facet joint 
orientation on the coupling behaviour between the lateral flexion and axial rotation. 
In a scoliotic spine, there is an axially rotated position and in most cases a dorsal 
inclination (lordotic) of the motion segments. 
Nevertheless, the direction of axial rotation during lateral flexion does not differ from 
the direction of the axial rotation during lateral flexion in a non-pathological spine. 
In other words, the dorsal inclination and the axially rotated position of the motion 
segments in scoliotic spines do not result in undoing the influence of the facet joint 
orientation on the coupling behaviour between the lateral flexion and axial rotation, 
although the extent of the axial rotation during lateral flexion may be less. It is 
demonstrated that in scoliotic spines, a coupling exists between the ventral flexion or 
extension and axial rotation. This may be essential in the management of idiopathic 
scoliosis. 
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SOME ASPECTS, CONCERNING THE 
TREATMENT OF IDIOPATHIC SCOLIOSIS. 
V.1. Introduction. 
The treatment of idiopathic scoliosis is based on biomechanical principles. 
The strategy for treating idiopathic scoliosis depends principally upon the size of the 
deformity and its potential for progression.  An understanding of the natural history 
of the disease is required, as discussed in Chapter III. 
Up to the present, the basic strategy for the treatment of idiopathic scoliosis depends 
upon the acceptability of the deformity at the time of presentation. If the deformity 
is acceptable, then prevention of further deterioration is the aim (conservative treat­
ment). If the deformity is unacceptable at presentation, then the treatment is directed 
mainly towards correction of the lateral deformity of the spine (surgical treatment). 
V.2.1. Conservative treatment -bracing-. 
Bracing of the spine has been the mainstay of conservative management in idiopathic 
scoliosis during the post-war era. Although the Milwaukee-brace was not primarily 
intended for the conservative management of idiopathic scoliosis, it was soon used 
for this purpose (Blount, 1972; Moe, 1973). The correcting forces of the braces are, 
however, not yet fully understood. The longitudinal force achieved between the neck­
ring and the pelvic girdle was at first thought to be the most important factor, but it 
was shown by Andriacchi et al (1976) to be of less importance than the lateral forces 
produced by thoracic and lumbar pads. 
V .2.2. Longitudinal and lateral forces. 
The differences in effects caused by the longitudinal and the lateral forces on a curve 
correction can be analysed in a non-linear, three-dimensional, geometrical mathematical 
model. A scoliotic deformity, as shown in figure 44, was simulated. The stiffness of 
the spinal model elements were adapted so that the overall behaviour of the model 
during bending was in accordance with the bending stiffness of the whole trunk in 
vivo. The results of increasing longitudinal or lateral forces on the improvement of 
lateral deviation (�a), axial rotation (��) and sagittal inclination (�y) are summarized 
in Table VIII and the improvement of the lateral deviation is graphically shown in 
figure 45. 
Correction of idiopathic scoliotic spines is 'force-limited', meaning that an increased 
force will result in an increased correction but the increased force cannot be tolerated 
by body tissues. 
For instance, during a Harrington-procedure a distraction force ofless than 300 New­
tons is recommended (Waugh, 1966). Biomechanically it is obvious that lateral forces 
are more effective in correcting the lateral deviation of the idiopathic scoliotic deformity 
than distraction forces. The effects of both forces between 0 and 400 N. on the axial 
rotation and sagittal inclination are similar. The magnitudes of the forces exerted by 
the neckring and the pads, as reported in the literature, are very small (Cochran and 
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TABLE VIII. 
Fig. 44. A computer generated plot of a simulated 
scoliotic spine. 
THE EFFECT OF LONGITUDINAL AND LATERAL FORCES ON CURVE 
CORRECTION. 
LONGITUDINAL FORCES. LATERAL FORCES. 
Applied Cobb-angle Axial rot- Sag. inclin. Cobb-angle Axial rot- Sag. inclin. 
load in improvement ation Ay (o) improvement ation Ay (o) Newtons improvement -kyph. eff. improvement -kyph. eff. 
Aa (0) AP (0) +lord. eff. Aa (0) AP (0) + lord. eff. 
10 0.65 0.09 - 0. 01 0.77 0.07 -0 .02 
100 5 .86 0.97 - 0.08 7.71 0.73 - 0. 22 
200 1 0. 55 1 .77 - 0.06 1 5.71 1 . 55 - 0. 30 
400 17.66 2.99 + 0.05 32.1 1 3.51 + 0. 19 
600 22. 84 3.87 + 0. 26 48.28 5.83 + 2.03 
800 26.83 4.53 + 0.49 63. 58 8.70 + 5.79 
1200 32.64 5.47 + 0.96 
1600 36.77 6.07 + 1 . 40 
2000 29.88 6.50 + 1 .81 
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Fig. 45. Graphically representation of the improvement of the lateral deviation as a result of 
lateral and longitudinal forces. 
Waugh, 1969; Galante et al, 1970; Mulcahy et al, 1973) : distraction forces of 10-20 N; 
lateral forces of 20-40 N. 
However, the size of the area to which those lateral forces were applied, was not 
mentioned. We have measured the lateral forces exerted by the thoracic and lumbar 
pads, in idiopathic scoliotic patients wearing well-fitted Boston-braces. 
Kyowa Loadcells®, type LM-20KA, were used to measure those forces per square 
centimeter. One loadcell was positioned in the centre of the thoracic and one in the 
centre of the lumbar-posterior pad, while a second loadcell was placed at the periphery 
of the pad. During a two hour period, measurements were taken with the patient 
standing, sitting and lying in different positions. 
During the measurements force fluctuations of small magnitude were observed. Increa­
sing the force through deep breathing or coughing by the patient or via manual pressure 
by the investigator, resulted in an immediate response by the patient and a return of 
the increased force to the average level. 
The results of the measurements are summarized in Table IX. 
The magnitude of the lateral forces not only failed to decrease when the effect of 
gravity was removed but the forces were actually higher in the recumbent supine 
position. 
Similar findings were reported by Galante et al (1970). 
As a consequence of such small lateral forces, it is more than likely that the brace 
functions by muscle-action and the pads act as mechanical stimulators. 
To analyse the force distribution within a Boston brace, a positive mold was made 
from a well-fitted brace which gave a 50 per cent correction of the spinal deformity 
in the patient. To select the pressure areas the positive mold was prepared with ink 
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TABLE IX. 
MEASUREMENTS OF LATERAL FORCES IN THE BRACE. 
Force in Newtons per cm2 




post-thor. 3.1-6.2 1.5-2.4 1 . 2-1. 9 4.6-6.7 
pad 
Loadcell® 




post-lumb. 6.6-8.3  2.1-3.3 3.3-4.3 9.0-12  
pad 
and the brace was placed around this model with the same tightness as on the patient. 
The pressure at these selected areas was measured using the same loadcells®. The force 
exerted by the thoracic pad was standarized to 100 percent and the other values were 
scaled proportionately .  The results are shown in figure 46. It shows the three point 
principle of the brace. 
A 8 
.K 
mean in ¾ 
A : 100 
B : 125 
C : 6  
0 :  100 
E = 1 
F =  30 
G : 7  
H :  70 
J = 55 
K =  18 
Fig. 46. The force distribution within a Boston brace showing the three point principle. 
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V .2.3. Effect of lumbar flexion. 
Lindh (1980) noticed a correction of the lateral curves by merely giving the patient 
a Boston brace module without built-in-pads. She assumed that the observed correction 
of the thoracic curves was caused by the decreased lumbar lordosis induced by tilting 
the pelvis. Although the Boston brace system points out the importance of lumbar 
flexion in improving the effect of lateral and rotational pads, Lindh's study showed 
that the sagittal changes of the spine and the pelvis per se, produced a mean correction 
of 40 percent in the lumbar curves and 36 percent in the mid-thoracic curves. Similar 
findings were reported by Uden and Willner (1983) and Willner (1984). 
However, idiopathic scoliosis is a three-dimensional deformity. The lateral deviation 
in the frontal plane is assessed by the Cobb-method after projecting this three-dimen­
sional deformity into a two-dimensional image on a frontal radiograph. Changing the 
sagittal inclination will result in an altered projection image and may produce a different 
Cobb-angle. 
(More details in the appendix). 
Changing the sagittal inclination in a brace will partly result in a correction of the 
lateral deviation through muscular action, but the correction will also be partly apparent 
due to an altered projection image. 
V .2.4. Discussion. 
The non-operative treatment of progressive idiopathic scoliosis by externally applied 
orthotic devices has often been less than satisfactory, uncomfortable and may cause 
skin problems. It has been suggested that the orthosis should be worn 23 hours out 
of 24 (Blount, 1972; Moe, 1973). 
Even when utilizing newer plastic materials and a more 'cosmetic' construction, the 
patient's acceptability commonly presents a problem (Moe and Kettleson, 1970; DiRai­
mondo et al, 1984). 
Furthermore, the fact that the brace may do no more than stop progression, makes 
its use less than ideal (Edmondson and Morris, 1977; Mellencamp et al, 1 977; Carr et 
al, 1980). 
When the effect of orthotic treatment on the natural history is considered, once again 
the literature leaves uw with equivocal conclusions. Recent studies in Goteborg and 
Minneapolis have all shown a considerable reduction in the demand for surgery after 
the institution of school screening within a defined geographical region (Torell et al, 
1981 ;  Lonstein et al, 1982). These findings are consistent with the objective of screening, 
which is to make non-operative treatment more effective (Kane, 1 982). 
More recent data come from those school screening programmes which have induced 
a longitudinal survey (Brooks et al, 1975; Rogala et al, 1978; Dickson et al, 1 980). 
When children with non-structural curves are excluded, only 10 percent show evidence 
of progression, whereas twice as many improve and more than two-thirds remain 
static. It has been suggested by Dickson (1985), that the reduction in the number of 
patients being braced might reflect a change in the natural history towards a more 
benign condition. Conservative treatment should then be set against this background. 
However, no evidence can be produced, which demonstrates conclusively that wearing 
a brace affects the natural history. 
Longitudinal studies of the natural history can be correlated with the long-term results 
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of bracing to ascertain differences in the pattern of curve progression, although it is 
impossible to be sure that the groups are matched. Without a clear understanding of 
the three-dimensional nature of the deformity, current doubts about the effectiveness 
of bracing will remain. Little study however, has been devoted to the relationship 
between the forces that the brace elicits and the response of the scoliotic spine, although 
it is accepted that these forces are a major factor in whatever correction is obtained. 
It is shown that lateral forces are more effective in correcting the lateral deviation than 
longitudinal forces, but the lateral forces exerted by the built-in pads in the Boston 
braces are indeed very small. Correction of the lateral deviation by changing the sagittal 
inclination is partly apparent, as shown. This may explain the steady deterioration to 
the original deformity, after an initial correction in the brace, when the patient is 
weaned form the brace. The brace is assumed to be a dynamic device and it may well 
be that the pads in the brace function as mechanical stimulators, activating muscle 
action. 
It is, therefore, not surprising that recently, attention has been directed towards obtai­
ning temporary correction of the scoliosis by electrical stimulation of the spinal mus­
culature on the convexity of the curve. 
However, despite current doubts concerning the effectiveness of bracing, it would be 
quite wrong at this stage openly to denounce the brace and any one-sided argument 
put over to the media could make patient care very difficult. The need for a large 
prospective and well-controlled trial into bracing is clearly paramount, but in the 
meantime, the generally accepted policy should continue. 
V.3. Conservative treatment -electrical muscle stimulation-. 
V.3.1. Introduction. 
The electrical stimultation of the muscles on the convex side of the curvature as a 
means of correcting a spinal deformity, is not a new concept, but was advocated as 
early as in 1 857 by Seiler from Paris (Seiler, 1857). 
It was not until 1969, that this method of treatment was further investigated. Two 
ways of using electrical muscle stimulation for correcting spinal deformity were deve­
loped at approximately the same time; one by an implantable device with electrodes 
screwed into the appropriate muscles (Bobechko et al, 1979), the other by surface 
stimulation with electrode pads situated on the skin (Axelgaard et al, 1978; McCollough 
et al, 1980). In Bobechko's view idiopathic scoliosis may be the result of a muscle 
imbalance between the paraspinal muscles on both sides of the spine. 
By producing a corrective muscle imbalance by stimulating the paraspinal muscles on 
the convex side, it may be possible to arrest progression of (or even correct) the 
idiopathic scoliotic curve. Axelgaard believes that a more lateral placement of the 
electrodes in the mid-axillary line will increase the efficiency. 
This has been hypothesized as being due to the added biomechanical advantage of the 
long lever arms of the ribs and the pelvis. 
There is no general opinion concerning the ideal placements of the electrodes, nor 
whether surface stimulation is as effective as deep muscle stimulation. 
The three-dimensional effect of muscle stimulation has never been measured accurately. 
In a study we have accurately measured the three-dimensional effect of muscle stimu­
lation on the spine achieved by various electrode placements and have also made a 
direct comparison between the correction obtained with transcutaneous (superficial 
muscles) and subcutaneous (deep muscles) stimulation in existing idiopathic scoliosis. 
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V .3.2. Materials and methods. 
The methods and materials as well as the results of this study are described m 
Chapter IV. 
V .3.3. Discussion. 
All the applications of the stimulating electrodes were performed with the patient 
in a prone position. The resistance of the table may well have influenced the responses, 
but the prone positions were more or less similar to those assumed during the inves­
tigations of other authors in which the electrodes were applied overnight. The selected 
patients in this study had a more severe grade of scoliosis and would not normally be 
selected as candidates for muscle stimulation treatment. They were chosen because 
the invasive nature of this investigation excluded it from being performed on patients 
not requiring operative treatment. Axelgaard et al (1983) found in an animal study 
that they obtained a better correction with stimulation of the lateral trunk muscles on 
the convex side than by stimulating the paraspinal musculature. 
This was confirmed in a clinical study of 32 patients with idiopathic scoliosis where 
they noticed that medial stimulation (3 cm lateral to the spinous process) hyper-exten­
ded the spines, impaired the lumbar compensatory curve, and gave a correction for 
the lateral deviation four times less than that achieved by lateral placements (in the 
axillary line). 
In our study correction of the lateral deviation was sometimes obtained by stimulation 
on the convex side, in the medial area, sometimes in the mid-scapular line, but not 
constistently in the mid-axillary line (Table VII). 
These findings are in agreement with those of Bradford et al (1983). It is not easy to 
find an explanation for this differing response to electrode placements. The second 
patient showed the best response for curve correction during stimulation in the medial 
area. 
The fifth patient showed the best response by stimulating in the lateral mid-axillary 
line. The second patient was rather stiff, while the fifth patient was more flexible. It 
may well be that the spinal stiffness influences the stimulation area where the maximum 
response to curve corrections is obtained. 
The sagittal curve may also have some influence: the second patient had a kyphosis 
of 55 degrees and the fifth patient had a kyphosis of 10 degrees, but our last patient 
was extremely hypo-kyphotic (kyphosis of 2 degrees) and responded well during 
stimulation in the medial area. 
The stimulation response to axial rotation has already been discussed in chapter IV 
and can be explained on the basis of spine kinematics. 
Axelgaard et al (1983) found in their study a reduction of axial rotation of 4 degrees 
with the medial, 6 degrees with the intermediate and 4 degrees with the lateral electrode 
placements. The axial rotation was measured using the method described by Perdriolle 
(1 979) , who devised a ruler that translates the position of the pedicle-shadow off-sets 
in relation to the edges of the vertebral body into degrees of rotation. The improvement 
in axial rotation of 4 to 6 degrees by Axelgaard et al, is very small and questionable. 
Due to projection and measuring errors, an error of 5 to 10 degrees can easily be 
made. When two X-rays of the same vertebra are compared, a difference in pedicle 
shadow off-sets may be caused by differences in the frontal and sagittal inclinations 
as well as by differences in the axial rotation (Benson et al, 1976). 
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Muscle stimulation will certainly induce a change in the frontal and sagittal inclinations 
of a vertebra. Therefore, the improvement in axial rotation, found by Axelgaard et 
al, may be apparent and due to a change in the frontal and sagittal inclinations. Muscle 
stimulation on the convex side of the curve will induce an extension of the spine and 
is more pronounced with a medial placement of the electrodes. 
These findings are in agreement with the literature findings. In our study transcutaneous 
(superficial muscles) and subcutaneous (deep muscles) stimulation made no difference 
for the correction obtained. Transcutaneous stimulation with surface electrodes has 
the advantages that it is non-invasive and easy to apply, but has the potential disadvan­
tage of skin-problems. 
Changing the distance between the electrodes made no difference. Increasing the num­
ber of electrodes, used at the same time and localisation, increased the achieved curva­
ture correction, providing coverage of a wider band of muscle mass. There was no 
difference between using 1 or 2 sets. The 2 sets were, however, connected to the same 
channel, so that the maximum output was divided between the 2 sets. The electrical 
muscle stimulation technique has been used as an alternative to bracing in the treatment 
of juvenile and adolescent idiopathic scoliosis in extensive multicentre trials (Bobechko 
et al, 1979; Bradford et al, 1983; Brown et al, 1984). A success rate of 82 to 87 percent 
in arresting progression has been reported. A significant improvement of the curvature 
in patients under treatment has not been found. 
Considering the natural history of untreated curvatures, the same arguments as used 
against the brace, may be levelled against this form of conservative treatment. 
The natural history of untreated curves between 10 and 40 degrees in adolescent patients 
is that 1/3 progressed (Fustier, 1980). 
The results reported by Bradford et al (1983) differ little from the expected results of 
untreated cases. 
Our study shows that muscle stimulation on the concave side induces an increase in 
the lateral deviation and axial rotation. Muscle stimulation on the convex side will 
improve lateral deviation but correct electrode placement is crucial for successful cor­
rection of the lateral deviation:  the electrode placement cannot be standardized. The 
existing axial rotation will increase during muscle stimulation on the convex side. 
This might be an explanation for the fact that, according to the literature, no significant 
improvement in the curvature under treatment was found. Electrical stimulation for 
the treatment of idiopathic scoliosis is still in its developmental stage. 
At present, a definite statement concerning its possible role in the management of a 
progressive deformity cannot be made. The shape of the spine under treatment and 
its stiffness are possibly pertinent factors to be considered and may play an important 
role in the correct electrode placement. The coupling between axial rotation and the 
flexion-extension motion in the scoliotic spine also requires further research, as far as 
management of scoliotic deformity is concerned. 
A combination of bracing and muscle stimulation may well be the best alternative for 
the conservative management of idiopathic scoliosis. 
V.4. Some aspects of surgical treatment. 
V.4.1.  Introduction. 
Since Harrington instrumentation for the internal correction of scoliosis was intro­
duced in 1962, this method has gained recognition all over the world (Harrington, 
1962). 
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The results obtained have generally been superior to those previously used, in which 
external correction and maintenance of the curve after fusion were achieved with 
different types of plaster-of-Paris corsets or braces (Moe, 1958; Tambornino et al, 
1964; Cortrel, 1966; Hertel and Wiirtel, 1969). 
The tum-buckle, surcingle and Risser-localizer cast procedures are all techniques which 
attempt to correct an idiopathic scoliotic curve through application of lateral forces. 
Although lateral forces are superior to longitudinal forces for obtaining correction, it 
is, however, not possible clinically to apply lateral forces large enough to produce 
complete correction. The application of forces that can be tolerated, will result in an 
insufficient correction. 
If the spinal deformity is unacceptable at presentation, then treatment is directed mainly 
towards correction of the lateral deformity of the spine. 
The current indications for surgery in a patient with idiopathic scoliosis are: 
1. any curve of 60 degrees or more; 
2. most curves of 50 degrees or more; 
3. curves of 40 to 50 degrees with demonstrated loss of pulmonary function, pain, or 
progression despite adequate non-surgical treatment. 
The Harrington procedure is a well-known technique producing corrective lateral 
flexion moments in the spine through the action of the distraction force extended by 
the Harrington-rod. A gratifying correction can be obtained by this technique and the 
spine can be well stabilized, but spine fusion is needed to maintain the initial correction. 
The distraction forces have been measured in order to obtain an upper tolerance limit 
for the distracting force during surgical correction with the Harrington instruments 
(Waugh, 1966; Hirsch and Waugh, 1968; Nachemson and Elfstrom, 1971). Waugh 
recommended a distraction force of less than 300N (Waugh, 1966). No literature 
findings could be found concerning the applied loads in relation to the three-dimensional 
correction of a scoliotic spine. 
V .4.2. Study of the relationship between the force applied and the correction 
obtained in a scoliotic spine. 
In order to study the axial loads applied to the spine during correction, an outrigger 
was equipped with strain gauges and placed between the upper and lower end vertebrae 
of the scoliotic curve. The three-dimensional correction was measured with a gonio­
meter as described earlier. This device was placed between the apex of the curve and 
the lower end vertebra (fig. 49). The data of the applied forces and the three-dimensional 
correction were recorded directly and stored on floppy discs. The patient's characteris­
tics are summarized in Table X. 
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Fig. 49. The three-dimensional goniometer and a strain gauged outrigger placed in a patient 
undergoing a Harrington-procedure. 
The degrees of the lateral flexion film in Table X are measurements of the clinical 
flexibility and are defined as the Cobb-angle after lateral flexion towards the convexity 
of the curved spine. The results of the measurements are shown in figure 50, revealing 
the relationship between the traction force (horizontal axes) and the elongation, lateral­
and ventral flexion and axial rotation (vertical axes). These data are compared with 
the behaviour of a mathematical scoliotic model. 
The stiffness of the spinal model elements were adapted so that the overall behaviour 
of the model during bending is in accordance with the bending stiffness of the whole 
trunk in vivo. It was demonstrated that the predicted behaviour of the spinal model 
reflected the behaviour of the real spine. Our clinical data reveal a strong linear beha­
viour between traction and lateral and ventral flexion, also demonstrated in our com­
puter simulations (fig. 51). 
Our clinical measurements did not show a relationship between the traction and axial 
rotation. 
V.4.3. Distraction-compression system. 
Distraction rods on the concave side are used universally but opinions differ as to 
the necessity of using compression systems on the convex side (Harrington, 1962; 
Levine et al, 1 970; Stagnara et al, 1 970). The biomechanical effect of using distraction 
and compression devices on curve correction is analysed in the mathematical scoliotic 
70 
100 









2 rP 0 
0 
2 axial rotation 






• • • • . --
200 







o 0 o 0 





Fig. 50. The relationship between the distraction force and the curve correction, measured in 
two patients. 
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Fig. 5 1 .  The curve correction at different percentages of elongation of the Harrington rod as 
simulated in the computer model. 
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Fig. 52. The influence on curve correction for the various surgical correction techniques. 
A. The Harrington distraction system on the concave side of the curve. 
B. The Harrington compression system on the convex side of the curve. 
C. The Harrington distraction and compression systems combined. 
D. Multiple level distraction system on the concave side of the curve. 
E. Multiple level distraction system on the concave and compression system on the convex side. 
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model, mentioned earlier. Different percentages (1, 3 and 5 percent) of elongation on 
the concave and shortening on the convex side were prescribed. As shown in figure 
52, no difference in Cobb-angle correction and in response to axial rotation is obtained 
by using both systems as compared to a single distraction device. The sagittal plane 
seems to be particularly responsive to the use of the compression system, inducing a 
lordotic response (fig. 52). 
This may be beneficial if the deformity also has a kyphotic component. Usually an 
initial correction of 40 to 60 percent is obtained during a Harrington operation for 
idiopathic scoliosis (Dickson and Harrington, 1973). An average loss of lO to 38 percent 
of the achieved correction in the Cobb-angle during the first year is reported in the 
literature after instrumentation using only the distraction system alone (Taddonio, 
1977) and of 7 percent after instrumentation with both distraction and compression 
systems (Gaines and Leatherman, 1981). 
Addition of the Harrington compression system to the distraction system may provide 
more stability, resulting in a better maintenance of the achieved correction. 
V .4.4. Segmental instrumentation. 
The principles of segmental instrumentation are being increasingly appreciated but 
at the same time workers are trying to avoid invasion of the spinal canal. This led 
Reddick (1983) to develop a 'spinal lordosing rod' and Edgar and Ransford (1983) to 
use a reversed Winconsin system in the concavity of the curve to provide distraction 
in combination with the Harrington instrumentation. No biomechanical information 
has been reported on these systems. This multiple level distraction system is analysed 
in our mathematical scoliotic model. As shown in figure 52, a multiple level distraction 
system on the concave side of the scoliotic curve produces less correction as compared 
to the conventional Harrington distraction system, while a combination of multiple 
level distraction on the concave side and a compression system on the convex side 
results in similar correction with a combination of the conventional Harrington distrac­
tion and compression systems. Also, the effect of the multiple level distraction system 
does not differ with respect to its axial rotation and sagittal inclination from the 
conventional system (fig. 52). 
The difference in Cobb-angle correction between a conventional and a multiple level 
distraction device is easy to explain. The moment for 'unbending' the curve depends 
upon the traction force and the moment arm through which the traction force acts. 
Using the conventional Harrington distraction rod, the moment arm is equal to the 
lateral deviation of the apex with respect to both end vertebrae. Using a multiple level 
distraction system with hooks under each laminae this moment arm will be smaller. 
The main advantage of such a system is to provide more stability and prevent loss of 
the achieved correction. 
V.4.5. Summary. 
The Harrington procedure is the technique most commonly used for the surgical 
correction of idiopathic scoliosis. Corrective lateral flexion moments are produced in 
the spine through the action of the distraction force extended by the Harrington rod. 
There is a strong linear relationship between the traction force and the spinal correction 
with the exception of the axial rotation. 
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Addition of the Harrington compression system to the distraction device may provide 
more stability resulting in a better maintenance of the achieved correction. 
A multiple level distraction system does not produce more Cobb-angle correction but 
mainly provides more stability. The final outcome of the surgical treatment depends 
on achieving spinal fusion. 
More metal work may provide more stability, but it could jeopardize the ultimate 
goal, because it may result in a 'mechanicodesis' instead of an arthrodesis. The amount 
of correction obtained by the single Harrington distraction system has always been 
high, but maintenance of that correction may improve by adding Luque wires to that 
system (Keim, 1 984). 
The tolerance of the tissues prevents the use of larger distraction forces. Although an 
increased force theoretically will result in an increased correction, this increased force 
cannot be tolerated. 
Maximum curve correction may be desirable for more than one reason but mainly to 
improve cosmetics. Dwyer and Schultz (1974) found that cutting into the intervertebral 
discs of a scoliotic spine substantially decreased the resistance of scoliotic spines to 
correction. Model studies were performed by Schultz and Hirsch (1974) to evaluate 
the influence of disc degeneration at the apex of the curve in conjunction with the 
Harrington procedure. 
The effect of degradation of the ligaments, intervertebral joints and intervertebral discs 
on curve improvement can be studied with the computer model, because the complete 
internal force system acting in each deformable element can be obtained. This makes 
it possible to analyse which elements can be reduced in stiffness in accordance with a 
prescribed desired correction. 
Further research is required to analyse the clinical applicability of surgical degradation 
in conjunction with the Harrington procedures in order to obtain more spinal curve 
correction. 
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RADIOLOGICAL ASSESSMENT OF SPINAL 
DEFORMITY. 
VI.1. Introduction. 
The radiological examination plays an important role in the management of idiopa­
thic scoliosis and is the most valuable diagnostic tool available to the orthopaedic 
surgeon. With the institution and increasing use of school screening for the early 
detection of spinal deformities, a large number of idiopathic scoliotic patients with a 
minimum curve are referred to the clinic for care. It obviously would be very beneficial 
if the treating physician could accurately predict which curves will progress. However, 
as discussed in Chapter III, the interaction among the factors influencing the natural 
history of idiopathic scoliosis is unclear. 
An accurate assessment of the spinal deformity is necessary in order to plan the course 
of therapy. Since the basis for evaluation is the observation of changes during treatment, 
it is essential that a reliable technique for this observation is available. The current 
clinical method, multiple single-plane radiographs, fails to meet this requirement. It 
cannot accurately describe the true three-dimensional deformity, especially regarding 
the axial rotation. 
VI.2. Routine radiographic evaluation of spinal deformities. 
With scoliosis, upright antero-posterior and lateral radiographs are obtained for all 
of the patients. The radiographs are taken at a two meter distance to standardize the 
evaluation. 
The magnitude of the spinal deformity is invariably assessed on the basis of the primary 
curve as shown on a frontal view. The measurement of this curve on the X-ray film 
is usually performed by either the Cobb (1948) or the Ferguson (1 945) method. 
The American Scoliosis Research Society has selected the Cobb-method as the standard 
protocol because of its better reproducibility and because it gives larger angles for the 
severe curves (Keim, 1976). In Cobb's method the end vertebral bodies with the 
greatest tilt towards the horizontal are determined on a spinal radiograph. The lines 
perpendicular to the endplates of these vertebrae are used to construct the scoliosis 
angle (fig. 53). 
The Ferguson-method is a more direct method of curve measurement which is not 
so dependent on the inclination of the surfaces of the end vertebrae, but is slightly 
more difficult to use especially in curves greater than 50 or 60 degrees (George and 
Rippstein, 1961). The apex of the curve is the vertebra with the greatest axial rotation. 
The centre of this vertebra is now determined. The proximal and distal end vertebrae 
are the least rotated vertebrae in the curve. The centres of these vertebrae are also 
marked, and lines are drawn from the apex to the centres of the end vertebrae (fig. 54). 
A third method has been introduced by Tidestrom (1964) in which the angular deviation 
of each vertebra is determined, thus providing a general representation of the magnitude 
of the scoliosis. 
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Fig. 53. The Cobb-method. Fig. 54. The Ferguson-method. 
VI.3. Analysis of the Cobb-angle measurements in scoliosis. 
An error analysis in determining the scoliosis angle by the Ferguson method has 
been reported by Lindahl and Movin (1968). We have made a similar error analysis 
in determining the scoliosis angle by the Cobb-method (Scholten and Veldhuizen, 
1985) which briefly will be discussed. 
In order to describe a three-dimensional deformity of the spine three-dimensional 
parameters are required. 
Therefore, measuring the angle reproduced in a frontal X-ray film by the Cobb-me­
thod, will not provide comprehensive information concerning the magnitude of the 
deformity in a scoliotic spine. Further, by projecting the three-dimensional coordinate 
system into a two-dimensional image on a radiographical film an error is introduced, 
if one of the planes of the coordinate system is not parallel to the projection plane. 
We unterstand by error the difference in degrees between the true spatial orientation 
of the deformed spine and its projected image on a frontal film. 
This projection error can be calculated by means of a three-dimensional geometrical 
non-linear computer model (fig. 55). 
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Fig. 55. Diagram showing the Cobb-angle and the three-dimensional angle as a function of the 
lateral deviation and the axial rotation of the apex of a simulated scoliotic spine. 
A positive axial rotation means a rotation of the spinous processes towards the concave side of 
the curve as in idiopathic scoliosis. 
The projection error is three degrees and is more or less the same in moderate and 
severe scoliosis. 
In addition, there will also be an observational error in measuring the Cobb-angle on 
a frontal film. 
For the description of a local coordinate system, well identifiable landmarks are required 
on a vertebra. 
Unfortunately, these do not exist and an observational error will be made. Suppose 
one of the axes of the local coordinate system coincides with the longitudinal axis of 
the elliptically shaped end plates of the vertebral body. When on the radiographs the 
axis with the greatest length is selected as the longitudinal axis, an observational error 
will occur, because when projected the longitudinal axis of an ellipse is not necessarily 
the axis with the greatest length (fig. 56). 
The observational error has been determined experimentally and is three to five degrees 
in mild scoliosis, but may increase to 10 degrees or more in severe scoliosis, because 
the projection error is strongly related to the axial rotation of the vertebrae. 
In practice, there will be another error. Sevastikoglou and Bergquist (1967) have shown 
that small alterations of the positions of the patient in relation to the X-ray equipment 
will lead to errors of 11 % in measuring the scoliosis angle. The Cobb-angle is mainly 
influenced by the lateral deviation and less by the axial rotation, while the observational 
error is strongly related to the axial rotation. 
It means, that if the traditional Cobb-angle has increased by 10 degrees during follow­
up, suggesting a curve progression, it may well be that the actual curve has not changed 
at all. This must be kept in mind by analysing the statistics on the effectiveness of, 
for instance, the brace treatment. 
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Fig. 56. Diagram showing the observation error. The longitudinal axis o f  the elliptical shape 
of the end plate of a vertebral body is not necessarily the axis with the greatest length in 
projection on an X-ray. 
However, curve progression can result from an increase in axial rotation and not be 
apparent on routine Cobb-angle measurements. 
Therefore, an accurate method for measuring the axial rotation must be used. 
VI 4.1. Evaluation of axial rotation. 
Longitudinal axis rotation is a characteristic feature of idiopathic scoliosis. Many me­
thods and anatomical landmarks have been used to radio-graphically assess vertebral 
rotation. Cobb (1948) used the position of the spinous process in relation to the shadow 
of the vertebral body as a criterion. However, because of the distortion of the spinous 
processes in scoliosis and the considerable differences in length of these processes, this 
technique is generally considered to be inaccurate. Actually, the distortion of the 
spinous processes can only be seen adequately by means of computer-tomography, 
but even then, because of the anatomical variations, the spinous processes are unsuitable 
landmarks for measuring axial rotation (Van Schaik, 1984). Nash and Moe (1969) used 
the pedicle shadow shift as a guide to rotation, a method which has been developed 
further by Fait and Janovec (1970). Biplanar radiographical methods for the estimation 
of vertebral rotation have also been described (Matteri et al, 1976) , including techniques 
for three-dimensional studies of the spine (Hindmarsh, 1973; Brown et al, 1976) . 
Those techniques are too cumbersome for practical clinical use. 
Of the existing methods for determining longitudinal axis rotation, the technique by 
Nash and Moe (1 969) is the most commonly used in clinical practice. 
Benson et al (1 976) considered to what extent vertebral rotation can be correlated with 
radiographically apparent pedicle shadow shift. They found that two kinds of significant 
scatter exist in this relationship: scatter due to differences in pedicle morphology 
between different vertebrae and scatter due to differences in inclinations in the sagittal 
and frontal planes of a single vertebra. 
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Their investigations also considered to what extent the true pedicle shift corresponds 
to the rotation of a vertebra. They found, that the true shift may be 2-3 times as large 
as the radiographically apparent shift. 
Therefore, as a result, it seems unrealistic to attempt to determine the vertebral rotation 
precisely from observation of the pedicle shadow offsets in a single radiograph or by 
comparison of the offsets in two radiographs. Even when two radiographs of the same 
vertebra are compared, a difference in pedicle shadow offset may be caused by diffe­
rences in the frontal and sagittal inclination as well as by differences in rotation, as 
demonstrated in figure 57. 
The influence of sagittal and frontal plane rotation on the longitudinal axis rotational 
measurements can be determined analytically. If the vertebra rotates simultaneously 
in all three planes, in the following sequence: sagittal plane (rotation y), transverse 
plane (rotation �) and frontal plane (rotation a), the difference between the registered 
and the 'true' axial rotation can be calculated (see for details the Appendix). 
As shown in Table XI, increasing values of rotations in all three planes will result in 
a larger difference between the registered and the 'true' axial rotation. 
Fig. 57 A. 25° rotation only in the trans­
verse plane. 
Fig. 57B. 20° rotation only in the sagittal 
plane. 
Estimation of the axial rotation can be performed with the aid of C-arm equipment 
(fig. 58), taking the influence of the sagittal and frontal inclinations on the accurate 
determination of axial rotation into account (Veldhuizen et al, 1985). In order to 
determine the axial rotation a well-defined standard projection of a vertebra is used 
as a landmark. The accuracy of the described method corresponds with that of the 
Cobb-angle measurement. The main disadvantage of this technique is, that it is based 
on the symmetry of the vertebra. In mild and moderate scoliosis this is a reasonable 
assumption, but not in the severe deformities or if there are any congenital anomalies. 
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TABLE XI. 
THE INFLUENCE OF THE SAGITTAL AND FRONTAL PLANE 
ROTATION ON THE AXIAL ROTATIONAL MEASUREMENTS. 
rotation in sagittal (y) measured error 
transverse (f3) and axial rotation (f3*-f3) 
frontal (a) plane (f3*) 
y = f3 = a  
degrees degrees degrees 
10 1 1 . 4  1 . 4  
20 25 5 
30 39 9 
40 53 13  
Fig. 58. Diagrams showing the rotation possibilities of the C-arm equipment. 
VI.4.2. Computer tomography. 
Estimation of the vertebral rotation about the longitudinal axis by using computer 
tomography has been described by Aaro et al (1978). In their performance, CT-scans 
are performed with the patient lying in the supine position on a cushion. Their stan­
dardized supine position has to guarantee that the longitudinal axis of the patient is 
perpendicular to the CT-scan. An assumption is made that the longitudinal axis of 
the apical vertebra is parallel to the longitudinal axis of the patient and therefore, 
perpendicular to the CT-scan. It means, that a prerequisite for the accuracy of the 
longitudinal axis rotational measurements, according to their technique, is that the 
vertebra is not rotated in the frontal and sagittal planes. In practice, the apical vertebra 
will be rotated about all three axes, and an error, as discussed will be made. 
In addition, a second error can be made if the patient rotates slightly in the transverse 
plane during the measurement procedure. 
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Model study. 
To examine the sensitivity of the CT-method in determining the axial rotation of 
a vertebra a 'simulator' was constructed allowing firm fixation of three vertebrae (fig. 
59) . 
Fig. 59. The simulator, constructed by D. Bakker, engineer. 
The apparatus makes it possible to control rotation in the sagittal, transverse and 
frontal planes. It consists of two rings, allowing controlled vertebral rotation in the 
transverse and sagittal planes. The base of the device can also be rotated (rotation in 
the frontal plane) . Three consecutive thoracic and lumbar vertebrae were used for the 
test situations. None exhibited any obvious abnormalities. Once the vertebrae were 
mounted in the 'simulator', CT-scans with the Philips Tomoscan 350 were made with 
rotation only in the transverse plane from O to 40 degrees at five degrees intervals. 
The mean difference between the 'true' and the CT-registered axial rotation angle 
with no frontal and sagittal rotation was 0.24 degrees (S. D. 0. 1 8) .  
If there was 20 degrees of rotation simultaneously in all three planes, the mean difference 
between the 'true' and the CT-registered axial rotation angle was five degrees (fig. 60). 
Therefore, to measure axial rotation accurately, with the aid of computer tomography, 
adjustment of the gantry of the CT-scanner is required in order to compensate for the 
sagittal and frontal plane rotation. However, because of the technical limitations of 
CT-scanners, adjustment is only possible either for the sagittal plane rotation with the 
patient supine or for the frontal plane rotation with the patient in a 'true' lateral position. 
According to the technique of Aaro et al (1978), the axial rotation of the apical vertebra 
is determined relative to the anterior midline of the body. 
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Fig. 60. Simulation of 20° of rotation simultaneously in all three planes. The mean difference 
between the 'true' and the CT-registered axial rotation angle was 5°. 
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Fig. 6 1 .  Diagram showing the apical axial rotational 
measurement relative to the upper and/or lower end 
vertebrae, by means of the midsagittal reference li­
nes. 
As already mentioned, a slight alteration of the position of the patient during the 
measurement procedures will influence this determination. A more accurate method 
would be to determine the axial rotation of the apical vertebra relative to the axial 
rotation of the upper and/or lower end vertebrae (fig. 61). These vertebrae will show 
more frontal plane rotation than sagittal plane rotation and therefore, it is better to 
adjust the CT-scanner for the frontal plane rotation. 
Technical considerations of the performance. 
A standardized, true lateral position is used with the convex side of the primary curve 
facing downwards. The shoulder and the pelvis are placed on a cushion and firmly 
fixed. The area of interest remains completely free and does not touch the table (fig. 62). 
Fig. 62. The measuring arrangement (The support is produced by ORTHIN L. T.D. , The 
Netherlands). 
A frontal scanogram is made and the apical, upper and lower end vertebrae are identified 
(fig. 63). 
From each of these vertebrae one CT-scan is made. A 3 mm. slice at the level of the 
pedicles, parallel to the upper end plate is recorded. A more detailed zoom-reconstruc­
tion can be made (fig. 64). 
- Axial rotation angle. 
The rotation about the longitudinal axis of the apical vertebra, relative to the upper 
and/or lower end vertebrae can be determined by means of a midsagittal reference 
line (= rotation about the local Y-axis) (fig. 65). The determination of the midsagittal 
reference line is described in the Appendix. 
87 
Fig. 63. A frontal scanogram. 
Fig. 64. Zoom-reconstruction. 
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Fig. 65. Determination of the mid-sagittal reference line. 
- Cobb-angle. 
In order to produce CT-scans of the end vertebrae, parallel to the upper endplates of 
these vertebrae, the gantry of the CT-scanner has to be tilted. The sum of the gantry 
angles is the Cobb-angle. 
- Ferguson-angle. 
The Ferguson-angle describes more directly the lateral deviation of the curve in the 
frontal plane and is less influenced by the sagittal inclination than the Cobb-method 
(George and Rippstein, 1961). 
On conventional scoliosis radiographs it can be difficult to determine the centre of the 
vertebral bodies, especially if there is a large amount of axial rotation. The centre of 
the vertebral body can easily be determined on a CT-scan. The Ferguson-angle can 
then be calculated mathematically, as described in the Appendix. 
Fifteen patients with idiopathic scoliosis, part of a future larger series, have had CT-scan 
analysis of their spine over a period of approximately nine months. Two of these 
patients have had two such examinations. In the first case, the Cobb-angle was increased 
by more than 10  degrees, but the Ferguson-angle was unchanged. However, there 
was a change in the sagittal inclination. In the second case, the Cobb- and the Ferguson­
angle were unchanged, but there was an increase in the axial rotation. 
Similar findings have been reported by de Smet et al (1981) using three-dimensional 
radiographical techniques. 
- Radiation risk. 
The measurements were made with the Philips Tomoscan 350. The nominal exposure­
time was 6 seconds, the scan-diameter 240 mm. , the slice thickness 3 mm. The operating 
factors were normally 120 Kv at 200 mAs. 
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The absorbed skin dose for one slice was estimated to be 1 0  mGy, and for the scanogram 
0.35 mGy. These values have to be compared with the dose for one ordinary antero-pos­
terior radiograph of the spine, which is estimated to be 10 mGy (Nash et al, 1979). 
On an ordinary antero-posterior radiograph of the spine, the whole trunk is exposed 
to radiation and consequently, the tissue volume irradiated is much larger, while in 
the CT-scan only an area of 3 mm. is exposed. The international accepted total body 
skin dose for the rontgen laboratory workers is 50 mGy a year. 
VI.5. Raster stereography. 
New techniques have been developed in an attempt to improve the documentation 
of the scoliotic deformity. Objective and quantative documentation of the shape of 
the human back by means of relatively simple and harmless measuring techniques, is 
of importance, because they can document the external cosmetic aspects of the defor­
mity. These techniques can be used in the clinic as an addition to the clinical assessment, 
but are also important in school screening programmes. As early as 1 887 Schulthess 
designed a mechanical drawing device, that recorded the three-dimensional shape of 
the human back. More recently, the use of Moire-fringe-topography has been intro­
duced (Takasaki, 1973). 
This Moire ('meaning watered silk') technique was first described by Lord Rayleigh 
( 1874) and is based on the optical interference of two line patterns and produces a 
contourline representation of the human body. Back shape asymmetries can then be 
quantified as the difference in fringe numbers between corresponding points on both 
sides of the midline (Willner, 1 979). The method has the advantage that asymmetries 
can be detected directly from the photographical image of the back without the need 
for any computational processing of the information. Moire topography has been used 
for mass screening, because this technique has a greater sensitivity than a clinical 
examination (Laulund et al, 1982), but it also produces many false positives (Adair et 
al, 1977). A rigorous quantification of the topography is needed in order to make 
adequate predictions regarding the spinal shape. This requires a more comprehensive 
three-dimensional description of the surface of the human back. Moire topograhs are 
not suited for this purpose because of the variability of the fringe patterns due to 
changes in the body position. We have used the so called raster stereography, first 
described by Fro bin and Hierholzer ( 1978). This technique differs from the Moire-tech­
nique in that a line grid pattern is projected optically onto the back from an oblique 
angle. The original line grid has a known geometry and serves as the first image (fig. 
69). Seen from a different angle the parallel lines become deformed. This deformed 
line pattern forms the second image (fig. 69). Both images are compared. 
By digitilizing these patterns, the surface pattern changes can be processed by a com­
puter and presented graphically to give a visual representation of the back shape in 
three dimensions (Docter and Ensink, 1985; Docter and Veldhuizen, 1984) (fig. 70). 
Using raster stereography, it is now feasible to frequently monitor the shape of the 
scoliotic spine without the risk of high levels of radiation exposure. Only after the 
detection of significant back-shape changes, radiological confirmation is required. 
VI.6. Summary. 
In order to describe a three-dimensional deformity of the spine, three-dimensional 




Fig. 69. Diagrams showing the principle of raster-stereography. 
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Fig. 70. Comparison of back-shape rotation with lateral deviation, obtained from raster-stereo­
graphy (A) and from radiograph (B). 
graph by the Cobb-method, will not provide comprehensive information concerning 
the magnitude of the deformity in a scoliotic spine. 
The management of idiopathic scoliosis is strongly based on its two-dimensional 
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projection-image. The Cobb-angle is mainly influenced by the lateral deviation and 
less by axial rotation of the vertebrae. An increase in the axial rotation, suggesting 
progression of the deformity, will not be detected by the Cobb-angle measurement 
technique. However, the accuracy of the Cobb-method is strongly dependent on the 
amount of axial rotation present. As discussed in Chapter III the amount of apical 
vertebral rotation is an important prognostic factor for curve progression after skeletal 
maturity. It also may be an important prognostic factor in the growing child. Therefore, 
in addition to the Cobb-method an accurate technique for measuring axial rotation is 
required. Among the many attempts for describing longitudinal axis rotation of the 
vertebra the Nash and Moe technique is the most commonly used. The main dis­
advantage of this technique is that it does not take into account the influence of the 
frontal and sagittal inclinations on the axial rotation measurements. The described 
technique using a C-arm equipment does, but has the disadvantage that it is based on 
the symmetry of the vertebra. Computer tomography presents an accurate method 
for determining the longitudinal axial vertebral rotation and can reckon with vertebral 
asymmetries. The Cobb- and Ferguson-angles can also be determined by this technique. 
The radiation risks are considered exceedingly small when compared to the ordinary 
spinal antero-posterior radiographs. 
A reduction in the radiation exposure can be obtained by frequent use of raster stereo­
graphy in addition to the clinical assessment. 
Only after detection of a significant back-shape change radiological confirmation is 
required. 
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CHAPTER VII. 
AETIOLOGY AND PATHOGENESIS OF 
IDIOPATHIC SCOLIOSIS.  
VII.1 . Introduction. 
It obviously would be beneficial for the treatment if we would know the aetiology 
and the course of idiopathic scoliosis. 
Although many types or causes of scoliosis are known, the idiopathic variety comprises 
the largest group (80 to 90 percent) and its aetiology remains unknown. 
A strong familiar history is usual and a hereditary transmission suggesting an autosomal 
dominant or multifactorial defect is described (Wynne-Davies, 1968 and 1973). For 
over a hundred years the association between idiopathic scoliosis and vertebral growth 
has been described by various authorities (Duthie, 1959; Duval-Beaupiere et al, 1970). 
Some have maintained that the development of the deformity has been limited to the 
growth period in general, while others have stressed its relationship more particularly 
to the rapid growth period (Willner, 1972). 
Another explanation for a possible cause of idiopathic scoliosis includes neuro-muscular 
condition asymmetrically involving the paraspinal muscles (Sahgal et al, 1983). 
Whatever factors underlie the aetiology, they ultimately express themselves in the 
biomechanical changes that define scoliotic curve progression. 
Some authors support the hypothesis that scoliosis can be mediated through buckling 
phenomena in a purely mechanical manner (Lucas, 1970; Haderspeck and Schultz, 
1981), while others explain the pathogenesis of idiopathic scoliosis on the basis of 
spine kinematics (White, 1971). 
VII.2. Spinal growth. 
VII.2. 1. Introduction. 
The majority of progressive spinal deformities in childhood have their most rapid 
increase during periods of growth acceleration. Thus, the student of spinal deformity 
has always been interested in spinal growth and its relationship to spinal curvature. 
Normal longitudinal growth does not proceed in an uniform, linear pattern (Tanner 
et al, 1966) (fig. 71). There are two periods of rapid growth, the first from birth to 
three years of age and the second during the adolescent growth spurt. The intervening 
period is a period of quiet but steady growth. The total body height is composed of 
several regions or structures including the head, cervical spine, thoracic spine, lumbar­
sacral spine, femora and lower legs. 
All of these grow at different rates. The head is relatively large at birth and subsequently 
grows the least. The lower limbs are relatively short at birth and grow the most. The 
spine is intermediate between the head and the legs in terms of the quantity of growth. 
Generally, the increase in height of the vertebral bodies is the result of enchondral 
growth at the upper and lower growth plate (Bick & Copel, 1950; Knuttson, 1 961;  
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age (years) Fig. 71. Growth velocity curves for boys and girls. 
Gooding & Neuheuser, 1965), whereas the increase in width is a result of periosteal 
growth (Bick, 1961). It has been suggested (Neugebauer, 1976) that the regulating 
(hormonal) mechanism is different for the two types of bone growth, but there is in 
fact little definite evidence for the 'endocrine pathways by which any particular hormo­
ne influences skeletal growth' (Sissons, 1971). 
The pubertal growth spurt is the more interesting period of growth for idiopathic 
scoliosis. In girls, the beginning of the growth spurt coincides with or is slightly before 
the start of breast and pubic hair development. This normally occurs at eleven years 
according to the skeletal age. The peak velocity of the growth spurt is one year later 
and the growth spurt is completed by the age of fourteen years. The menarche normally 
occurs at thirteen years of age, two years after the onset of the growth spurt (Zorah, 
1971). 
In boys, the peak height velocity occurs two years later than in girls. The adolescent 
growth spurt in boys starts after the development of pubic hair and finishes at appro­
ximately 16 years of age. 
These are average values and there is a considerable normal range (Zorah, 1971). 
Recent renewed interest in growth disturbance as an explanation for the deformity 
seen in adolescent idiopathic scoliosis inspired us to determine the incremental growth 
of normal vertebral bodies during the period of rapid growth. Normal individuals do 
not have spinal radiographs made at regular intervals. The only longitudinal study, 
concerning the growth of normal Caucasian children was undertaken by Dr. Harold 
Stuart, a paediatrician in Boston in the mid 1930's. Each of the children in his study 
group was enrolled at birth and examined every three months during the first year. 
Each evaluation included an anthropometric assessment and a physical examination. 
Until the potential hazards of repeated radiographs were recognized, these individuals 
had standardized X-rays of their spine at each visit. At the Zorah-conference of 1979, 
Ann-Marie E. Nehme et al presented data of normal spinal growth in children, aged 
between 4 to 1 1  years, based on longitudinal measurement, taken from lateral, full­
length spinal radiographs made by Dr. Harold Stuart. Unfortunately, there were no 
data available, concerning the more interesting period of growth, for idiopathic scolio-
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sis, namely between the ages of 10 and 17 years. In order to obtain data to establish 
the normal values of growth, we have utilized in our study longitudinal radiographs 
of idiopathic scoliotic patients and measured the vertebral bodies in the normal part 
of the spine. The assumption was made that the incremental growth might be abnormal 
within the scoliotic segment, but not outside the curve. 
The data obtained were compared with the findings available in the literature. We also 
measured the growth increments within the deformed segment. 
VII.2.2. Materials and Methods. 
On the basis of the age of the patients and the type of scoliosis we selected the 
radiographs of 30 Caucasian children, who had been under observation for adolescent 
idiopathic scoliosis at the Royal National Orthopaedic Hospital in London. 
The first group of 20 children (10 boys and 10 girls) had a single thoracic adolescent 
idiopathic scoliosis between TS,6 and Tl l ,  12. 
The second group of 10 children (all girls) had a single lumbar idiopathic scoliosis 
between Ll ,2  and LS. 
Standardized full-length AP-X-rays of each child's spine were available between the 
ages of 10 and 17 years. The average Cobb-angle in both groups was 25.3 degrees. 
The calendar age and the standing height for each patient were recorded at the time 
each spinal radiograph was made. 
The radiographs were performed with the child in a standard upright position using 
a film-focus distance of 180 cm. The same radiographical equipment was used through­
out the survey. 
The measurements were made directly using a sliding millimetre scale on the radio­
graphs, with an accuracy of 0. 25 mm. 
The method used for measuring is shown in figure 72. The vertebrae were selected 
for measurement only if they showed minimal axial rotation. This was done because 
rotation of the vertebrae renders accurate placement of comparable points on adjacent 
vertebrae impossible. We measured the dimensions of the vertebral bodies of T6, T7, 
T8, Tl 1 and L1 to LS in both groups of children. 
A 
I 
... , ... , 
B 
... , 
, ... , ... ... , 
:n: 
C 
Fig. 72. Method obtaining direct measurement from the X-rays, using a sliding millimetre scale. 
The four corner points can be recognized easily and by drawing the diagonals the centre point 
can be determined. By bisecting the angle, the points A, B, C and D can be found. AC and 
BD were measured. 
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* average growth increments in width of the lumbar vertebrae for the first series (B). 
The data were callibrated for magnification errors by utilizing the same radiographic 
technique in seven additional patients, with the same type and magnitude of curve 
and approximately the same standing height as the children in this study. 
A 30 cm long radiopaque ruler with cm-markers was taped longitudinally to the 
patient's back before the radiograph was taken. 
99 
In this way, it was possible to calculate the magnification factor for each vertebral 
body measured in this study according to the calendar age. 
The magnification error was minimal and was found to be 0. 61 and 0.25 percent for 
T6 and L4 respectively. The results reported here have been adjusted for these magni­
fications. 
VIl.2.3. Results. 
In the first group of 20 children the lumbar vertebral bodies were not involved in 
the scoliosis. The longitudinal rapid growth was expressed as the average values of 
proportional growth. Proportional growth takes place in girls approximately 2 years 
earlier than in boys (figure 73A); in girls around the age of 1 1  years and in boys around 
the age of 13  years. 
At the age of 17 years the longitudinal growth in boys is somewhat more than in 
girls, while the growth in girls at this age is nearly completed. The same can be seen 
in figure 74, in which the student test for L2 for boys and girls is shown. 
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Fig. 74. The student-test for L2 for boys and girls in the first series. 
Furthermore, the lumbar vertebral bodies in boys and girls show the same growth 
pattern. 
The increase in width in both boys and girls is much more gradual than the longitudinal 
growth (fig. 73B). At the age of 17 years the width of the lumbar vertebrae is about 
5 percent greater in boys than in girls. 
As shown in Table XII, girls of 10 years of age have taller and thinner vertebrae than 
boys. 
The thoracic vertebrae, measured in the second group of girls, were not involved in 
the scoliotic segments. The growth-increments of these thoracic vertebrae are less than 
those of the lumbar vertebrae in the girl-patients included in the first group (fig. 73C; 
Table XIII). 
As shown in figure 75A, T7 and T8 show less longitudinal growth as compared with 
T6 and Tl l .  
The incremental growth of the vertebral bodies within the deformed segment was 
also measured. 
The lumbar vertebral bodies in the second group of children and the thoracic vertebrae 
in the first group are part of the scoliotic deformity. The increase in height and width 
of the lumbar vertebral bodies in the second group did not differ greatly from those 
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TABLE XII. 
THE AVERAGE INCREASE IN HEIGHT AND WIDTH (MM) OF LUMBAR 
VERTEBRAE IN THE FffiST SERIES. 
BOYS 
HEIGHT (mm) WIDTH (mm) 
10 YEARS 17 YEARS 10 YEARS 17 YEARS 
Lt 19. 5  28.2 35.0 40.1 
L2 19.7 29.0 36. 1 42. 1 
L3 19.7 29.6 38.0 44.4  
L4 19.3 28. 7  40. 7 47.0 
GIRLS 
HEIGHT (mm) WIDTH (mm) 
l0 YEARS 17 YEARS l0 YEARS 17 YEARS 
L1 19. 7  27.8 33.4  37.2 
L2 20.3 28.3  33. 9 37.4  
L3 20.6 30.2  35.6 39. 1  
L4 20.2 28. 1 37.6 41.0 
TABLE XIII. 
THE AVERAGE INCREASE IN HEIGHT (MM) OF THORACIC VERTE­
BRAE IN THE SECOND SERIES. 
GIRLS 
HEIGHT (mm) 
10 years 17 years 
T6 13.9  19 .4  
T7 14.2 19.3 
TS 14.9 19.2 
Tl 1 18 .8 26.9 
of the first normal group (fig. 73D, Table XIV). The heights and widths of these 
vertebrae in millimeters were slightly larger than of the comparable first group, but 
the growth-increments and growth-patterns were very similar. 
The heights of the thoracic vertebrae in the first group, part of the scoliotic curve, 
were slightly less than that of the normal thoracic vertebrae of the second group (Table 
XV). No differences could be demonstrated in the growth-increments (fig. 73E). 
A difference between the individual thoracic vertebral bodies can be observed (fig. 
75B) but no difference according to the sex of the patient was found. 
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Fig. 75. T7 and TS show less longitudinal growth than T6 and Tl 1 in both series. 
TABLE XIV. 
THE AVERAGE INCREASE IN HEIGHT (MM) OF LUMBAR 
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THE AVERAGE INCREASE IN HEIGHT (MM) OF THORACIC 
VERTEBRAE IN THE FIRST SERIES. 
HEIGHT (mm) 
BOYS GIRLS 
tO YEARS 17 YEARS tO YEARS 1 7 YEARS 
T6 13.2 18. 9  13. 5  1 8.7  
T7 13.7 19 .0 13. 7  1 8.6 
TS 13.4 18.3 14 .5 19 .0 
Tl t 16.5 23.8 17. 2  24.3 
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VII.2.4. Discussion. 
In the present study the growth increments of the thoracic and lumbar vertebrae 
were determined in children between the ages of 10 and 17 years using standardized 
AP-full-length spinal radiographs. The measurements were only performed in two 
dimensions and dit not include measurements of the lateral X-rays. This may be of 
significance for establishing the growth values for vertebrae within the scoliotic seg­
ment. According to Dickson et al (1 984), there is an increase in anterior-vertebral 
height at the apex of the curve. The measuring method, employed by us, determined 
the maximum height of a vertebral body in an AP-view, as clearly demonstrated in 
figure 76. The first series consisted of 20 children (10 girls and 10 boys) with a single 
thoracic adolescent idiopathic scoliosis between T5, 6 and Tl 1 ,  12 .  
Fig. 76. The measuring method employed, determine the maximum height. 
The second series consisted of 10 girls with a single lumbar adolescent idiopathic 
scoliosis. 
The lumbar vertebrae of the first series and the thoracic vertebrae of the second series 
can be assumed to show normal growth. The lumbar vertebral bodies showed a greater 
increase in longitudinal height than the thoracic vertebral bodies. 
In boys L3 and L4 contribute more to the height than L 1 and L2. In girls, this is true 
only for L3. These findings correspond with those of Ann Marie E. Nehme et al 
(1 979), whose study was based on normal children. 
Furthermore, the same growth patterns were established. Ann Marie E. Nehme mea­
sured a length of 103. 9 mm in normal girls of 10 years of age, which was the total 
length of the mid-height of the lumbar vertebral bodies. In our study this total length 
for the same age group was 101 .4  mm. The difference is not significant and within 
the limits of measuring accuracy. 
In the present study, we measured therefore comparable groups. The result of this is 
that the assumption that vertebrae outside the scoliotic segment show normal growth 
appears to be justified. The growth-increments oflumbar and thoracic vertebral bodies, 
did not show significant differences between the first and second series. The growth­
pattern in the scoliotic region did not differ from the normal part of the spine, although 
the individual growth of the vertebral bodies was subject to variation. 
Skogland and Miller (1981) found in their study that during growth in early adolescence, 
a greater increase in the height of a mid-thoracic vertebral body could be expected 
than in a lumbar vertebra. Their study is not comparable to ours, because they did 
not select their patients according to the type of curve and the age. 
The aetiology of idiopathic scoliosis is probably multifactorial and one of the possible 
factors can be mechanical instability. If so, spinal length and the dimensions of the 
vertebral bodies and discs may be pertinent geometric factors. 
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It has been suggested that girls have more slender spines and therefore may be more 
subject to scoliosis. This concept is supported by Skogland and Miller (1981), who 
found an increased slenderness-index for scoliotics in all the groups studied. 
It has been clearly demonstrated in the male patients, that the height/width indices 
for L4 in boys of 13  years of age are 0. 54 and 0.51 for scoliotics and controls respectively. 
The difference in slenderness-index in girls of 14 years of age between the scoliotics 
and controls in the study of Skogland and Miller is too small to be statistically significant 
(0.63 and 0.62 respectively). 
Our slenderness-index in boys is comparable to that found by Skogland and Miller 
in their controls. 
Our index for girls of 14 years of age is 0. 63 for the L4-vertebra within the curve 
and 0.64 when the vertebra was not included in the significant deformity. 
There is a difference in slenderness between boys and girls (Table XVI, XVII), but 
it is questionable if a difference exists between scoliotic and normal spines. 
Our study shows that the increase in the longitudinal height of the vertebral bodies 
involved in the scoliotic region as compared with that of the remaining vertebrae is 
much the same. It is of the same magnitude as in the few reports of growth-increments 
for vertebral bodies found in literature. Therefore, in scoliosis a normal length of the 
spinal column may be expected. 
In addition to Willner (1975), Burwell and Dangerfield (1977) and Leong et al (1977) 
have reported a greater stature among idiopathic scoliotic patients than healthy controls. 
Willner has demonstrated a significant difference in sitting height after correcting the 
loss of height due to scoliosis (Bjure et al, 1968). The sitting height is not a reliable 
indicator of spinal length. It represents of course the sum of height of the pelvis, spine 
and cranium. The pelvic height alone accounts for about 1 8  percent of the sitting 
height and as much as 22 percent of the increase in sitting height in girls between 8 
and 18 years of age (Anderson et al, 1965). 
The spine only contributes approximately 60 percent to the sitting height and it is 
difficult to contemplate how detailed information concerning spinal dimensions can 
be obtained fro me these measurements. The findings of Willner and others are contra­
dicted by the study of Skogland and Miller (1981). 
Using direct measurements of the length of the thoraco-lumbar spine on standardized 
X-ray films, they found no significant differences in length between idiopathic scoliotic 
patients and controls. 
Our findings showed a normal growth potential for each individual vertebra within 
a scoliotic curve. No significant difference in the growth-increments and spinal dimen­
sions of the vertebral bodies involved in the scoliotic curve as compared with the rest 
of the vertebral column could be demonstrated. 
VIl.3. Principle of buckling as applied to the scoliotic spine. 
VII.3.1. Introduction. 
The literature consistently supports the hypothesis that scoliosis can be mediated 
through the buckling phenomena in a purely mechanical manner (Lucas, 1970; Hader­
speck and Schultz, 1981). The column buckling theory suggests that buckling is likely 
to occur when the column is abnormally slender and/or abnormally flexible. 
Buckling can be seen as a transition from a stable equilibrium to an unstable one, and 
is called mechanical instability. We have already discussed the spinal length and spine 
slenderness-ratio and we would now like to discuss spinal flexibility. 
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TABLE XVI. 
THE SLENDERNESS INDICES OF LUMBAR VERTEBRAE IN THE 
FIRST SERIES. 
HEIGHT/WIDTH INDEX IN BOYS 
YEARS Lt L2 L3 L4 
10  0.56 0.55 0.52 0.47 
1 1  0 .56 0.55 0.52 0.48 
12 0.56 0.56 0.54 0.49 
13 0.58 0.57 0.55 0.51 
14 0.59 0.58 0.57 0.53 
15  0.62 0.60 0.59 0.56 
16  0.67 0.66 0.64 0.60 
17  0.70 0.69 0.67 0.61 
HEIGHT/WIDTH INDEX IN GIRLS 
YEARS Lt L2 L3 L4 
10 0.59 0. 60 0. 58 0.54 
1 1  0.60 0.61  0.59 0. 55 
12  0.64 0. 65 0.63 0.58 
13 0.67 0.68 0.68 0.62 
14 0.70 0.70 0.71 0.64 
15 0.72 0.72 0.73 0.66 
16  0.75 0. 75 0.76 0.67 
1 7  0.75 0.76 0.77 0.69 
TABLE XVII. 
THE SLENDERNESS INDICES OF LUMBAR VERTEBRAE 
IN THE SECOND SERIES. 
HEIGHT/WIDTH INDEX IN GIRLS 
Lt L2 L3 L4 
10 0. 60 0.61 0.58 0.55 
1 1  0.61 0.62 0.59 0.56 
12  0.63 0.64 0.62 0.59 
13  0.66 0.67 0.69 0.61 
1 4  0.71 0.70 0.72 0.63 
1 5  0.73 0.73 0.75 0.66 
1 6  0.75 0.75 0. 76 0.68 
1 7  0.75 0.76 0.78 0.70 
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Flexibility is the ability of the structure to deform under the application of a load. To 
quantitate this structural quality, the concept of the coefficient of flexibility is defined 
as the ratio of the amount of displacements and the applied load. Stiffness is that 
property of a structure by which resistance is offered to an imposed load. Stiffness is 
the inverse of flexibility. Determination of the flexibility coefficients requires the 
simultaneous measurement of the load applied as well as the displacement produced. 
A direct measurement of the spinal flexibility would require that the spine be isolated 
and subjected to flexion moments of known magnitude, while its resulting motion 
during flexion is measured. This cannot be performed in vivo. Mattson et al (1983) 
reported a study on the measurement of spinal flexibility using an indirect method. 
Seven clinical measurements of joint flexibilities were made in 51 girls with untreated 
mild idiopathic scoliosis and 65 girls with structurally normal spines. All 116 girls 
were aged between 10 and 16 years. Their study provided no evidence that untreated 
mild idiopathic scoliosis occurs or progresses because of increased joint flexibilities. 
The clinical measurements are actually measurements of ranges of motion rather than 
flexibilities. As already explained, true measurements of flexibilities cannot be made 
because they would require a knowledge of the moments applied to the joints. Joint 
flexibilities are probably determined by several factors, including the mechanical pro­
perties and the morphology of the soft connective tissues and the morphology of the 
bony structures. 
In a pilot study we used a more direct method of measuring spinal flexibility, in order 
to determine if the findings of Mattson et al could be reproduced. 
If one supposes that the trunk is a flexible rod, a mean value for the bending stiffnes 
(EI) of the trunk can be calculated by measuring the change in curvature of the spine 
as a function of an external load (K). Thus, the bending stiffness as related to the 
ventral flexion can be determined. 
3.2. Materials and Methods. 
Measurements of the flexibilities during ventral flexion were made in 10 girls under 
observation for adolescent idiopathic scoliosis ('patients') and in 10 girls with presuma­
bly structurally normal spines ('controls'). 
Eight of the ten controls had radiographs of their spine performed for some other 
reason which showed no abnormalities. All the girls were aged between 10 and 16 
years. The mean age of the patients was 13.2 years and 12.8 years for the controls. 
At the time of measurement, all 10 patients were untreated and had a mean Cobb-angle 
of 22.6 degrees (S.D. 9.5 . ) .  All 20 girls were measured by the same persons. To 
measure bending stiffness as related to ventral flexion the subjects were placed in a 
supine position as shown in figure 77 and were told to relax as much as possible. 
Attention was paid to the precise positioning of the subjects. The hip joints were 
placed at the edge of the table and the legs were held down against the table to avoid 
any motion of the knees in relation to the table. The head and shoulders were placed 
on a board that was free to rotate and translate (fig. 77). 
The rotation at the shoulder region in the initial, unloaded situation was determined 
in each subject and was repeated after each sequence. A load K of 10 N was placed 
on .i marked spot in the middle of the trunk and the rotation at the shoulder region 
was measured. The same measurements were made for loads of 20 and 30 N. This 
sequence was repeated five times for every subject. 
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Fig. 77. The measuring situation. 
The distance from the hip joints (1) and from the load K (a) to the rotational centre 
at the shoulder region was measured after each sequence in every subject. The results 
of the measurements were averaged. The bending stiffness (EI) of the trunk as related 
to the ventral flexion can be calculated using: 
1 /6 Ka (1-a) (2--j-) 




= external load 
= the distance from the hip joint to the rotational centre at the shoulder region 
a 
6<j> 
= the distance from the rotational centre at the shoulder region to the load K 
= the rotation at the shoulder region 
For a complete description of the mathematical approach see Scholten and Veldhuizen 
(1984). 
Seven clinical measurements of joint flexibilities as described in the study of Mattson 
et al (1983) were also made for comparison. 
Abilities for passive index finger extension, wrist flexion and elbow- and knee hyper­
extension, together with the ability to bend the trunk voluntarily forward and towards 
the right and the left sides, were measured. The side of the body on which the first 
four clinical measurements were made, was selected at random. The same measuring 
techniques were used as described by Mattson et al (1 983). 
VII.3.3. Results. 
Wide ranges of motion were shown in the clinical measurements of flexibility. Index 
finger extension ranged from 40 to 100 degrees. As for the wrist flexion, several 
patients and controls could overlap their thumb onto their forearms, although in both 
groups several subjects could not have the tip of their thumb brought closer than 10 
cm to their forearm. Elbow hyperextension ranged from O to -15 degrees and knee 
hyperextension from O to -10 degrees. The increase in the C7-Sl distance produced 
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by spinal flexion ranged from 15 to 30% . The decrease in the fingertip-to-floor distance 
on lateral flexion ranged from 10 to 40%. 
In general, the patients and controls showed no consistent differences with regard to 
measurement ranges. For some measurements the controls had a wider range and for 
others, the patients had a wider range. 
When the mean values of the seven measurements of flexibility were compared, the 
patients were found to be generally less flexible than the controls (Table XVIII). 
The flexibilities measured in a given subject did not correlate well with each other. 
This means, for example, that the ability of a subject to flex her wrist gave no useful 
indication of her ability to £lex her spine, nor did her ability to flex ventrally give a 
useful indication ofher ability to flex her spine laterally. The results of the measurements 
with respect to the ventral bending stiffness during ventral flexion of the trunk in the 
patients are shown in Table XIX, and for the controls in Table XX. Once again, the 
patients and controls showed no consistent differences with regard to the determined 
bending stiffness of their trunk. The mean value for the bending stiffness of the trunk 
(EI scoJ) in the patient group was 12.61* 106 (Nmm2) and for the controls 12.74* 106 
Nmm2). This is not a significant difference. 
TABLE XVIII. 
MEASURES OF FLEXIBILITY IN GffiLS WITH UNTREATED 
SCOLIOSIS AND GIRLS WITH STRUCTURALLY NORMAL SPINES. 
PATIENTS NORMALS 
Number of subjects 10 10  
Mean age, years 13,2 (1 ,6) 12,8 ( 0.7) 
Average length (cm) 166,4 (9,2) 157,5 ( 9 .6) 
Average weight (kg) 47, 1  (7,9) 42,8 ( 9.2) 
Clinical measures offlexibility 
Index finger extension (0) 51 ,5 (8,5) 67, 9 (17.5) 
Wrist bending (cm) 6,0 (3,3) 4, 1 ( 3.5) 
Elbow hyperextension (0) 7,9 (3,9) 9,9 ( 3, 1 )  
Knee hyperextension (0) 2,4 (3,7) 2,4 ( 2,3) 
Spine flexion (%) 21 ,2 (3,8) 24,4 ( 3,9) 
Right lateral flexion (%) 27,6  (4,3) 31 ,4 ( 6, 1) 
Left lateral flexion (%) 27,9 (4,6) 31 ,4 ( 6,3) 
VII.3.4. Discussion. 
Our clinical measurements of flexibility are similar to those of Mattson et al (1983). 
We have found similar results. Mattson et al found in their study no evidence that 
patients have more flexible joints than controls. Their findings suggest that mild 
adolescent idiopathic scoliosis does not progress because scoliotic patients have more 
laterally flexible spines. They found no differences between patients correlating to the 
severity of the curves, nor between progressive and non-progressive curvatures. No 
significant correlations of flexibilities according to the age could be demonstrated in 
their study. They believe that their clinical tests would easily have detected flexibilities 
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TABLE XIX. 
BENDING STIFFNESS OF THE TRUNK IN GIRLS WITH UNTREATED 
IDIOPATHIC SCOLIOSIS. 
M L K EI*106 EI*t06 
(kg) (cm) (N1) (Nmm2) (Nmm2) 
10 22. 15  
50 165 20 24.86 24.25 (t.87) 
30 25.7 
10 13.3 
46 155 20 15 .5  1 4.27 (1.1 1)  
30 13 .9 
10 1 .32 
48 174 20 1 . 89 1.76 (0.39) 
30 2.08 
10 9.5 
37 167 20 9.9 9.62 (0.29) 
30 9.4 
10 30.1 
60 178 20 26.7 23.9 (7.89) 
30 15.05 
10 8.13 
51 166 20 6.72 7 . 16 (0.84) 
30 6.61 
10 22.6 
57 179 20 22.6 2 1 . 8  ( 1 .43) 
30 20.1 
10 8.64 
35 150 20 6.91 7.56 (0.94) 
30 7. 13  
10 1 1 .81 
44 167 20 1 2. 48 12.31 (0.43) 
30 1 2.64 
10 4.05 
43 163 20 3.37 3.49 (0.51) 
30 3.05 
The mean value for the scoliotics: Ei = 12.61*  106 (Nmm2) 
differing by a factor of two between the patients and controls. One can still argue that 
the clinical tests are not true measurements of the spinal flexibilities. By calculating 
the bending stiffness of the trunk, however, one can find no difference between the 
patients and controls. The bending stiffness of the trunk in vivo is about ten times 
greater then that of an isolated spine (Scholten and Veldhuizen, 1984). The bending 
stiffness of the trunk is not only dependent on the spinal stiffness but also on the 
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TABLE XX. 
BENDING STIFFNESS OF THE TRUNK IN GIRLS WITH 
STRUCTURALLY NORMAL SPINES. 
M L K EI*106 EI*106 
(kg) (cm) (N) (Nmm2) (Nmm2) 
10 2.29 
38 146 20 2 .56 2.47 (0. 1 5) 
30 2 .54 
10 9.45 
47 1 68 20 1 0.85 10.30 (0.74) 
30 10 .6 
10 8.46 
43 15 1  20 8 .67 8.52 (0. 1 3) 
30 8.42 
10 1 1 . 54 
57 1 73 20 1 3.71 1 2.45 (1 . 1 3) 
30 12 . 1 2  
10 15 .83 
53 169 20 1 5.08 14. 70 (1 . 36) 
30 13. 1 9  
1 0  1 5.28 
31 1 48 20 1 7.51  17.30 ( 1 . 92) 
30 1 9. 1 1  
1 0  1 9.25 
51 1 63 20 21 . 1 1  19.89 (1 . 1 5) 
30 1 9.06 
10 5.55 
29 1 47 20 5 .64 5.54 (0. 1 1 ) 
30 5 .43 
10  18 .74 
41 1 59 20 22. 1 5  21 . 75 (2.83) 
30 24.36 
1 0  1 6.37 
38 1 5 1  20 1 4.50 1 4.61 ( 1 .7 1 )  
30 12.95 
The mean value for the normals: EI = 1 2. 74* 1 06 (Nmm2) 
influence of the rib cage, the muscles, the abdominal pressure and other internal elastic 
tissues. 
The stiffness of the whole trunk is therefore more important, than the stiffness of the 
spme. 
Even if there is a small difference in the bending stiffness of the whole trunk between 
patients and controls, this would be negligible for the bending stiffness of the spine. 
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Haderspeck and Schultz (1981) pointed out that the small-motion passive resistances 
of spinal motion segments to lateral flexion are in the order of 1 Nm. per degree, 
whereas the voluntary trunk muscles of adolescent girls can develop lateral flexion 
moments in the order of 50 Nm. Thus, differences in spinal flexibilities by a factor 
two or even five should matter little in the neuro-muscular control of the spinal 
configuration. Our pilot study, using a more direct method for measuring spinal 
flexibility, produced further support for the conclusion of Mattson et al. 
It also produced support for the findings of Nordwall (1973), whose biomechanical 
studies of the properties ofinterspinous ligaments did not reveal any difference between 
idiopathic scoliosis and controls. Bradford et al (1977) studied skin fibroblasts in 
culture. No differences were seen between idiopathic scoliosis and controls and the 
authors assumed that idiopathic scoliosis is not a generalized collagen disorder. Similar 
findings were observed by Venn et al (1983) . 
We have shown that there is no difference between patients with idiopathic scoliosis 
and the controls, concerning the spinal length, spine slenderness ratio or spinal flexi­
bility. Therefore, idiopathic scoliosis and its progression cannot be explained on the 
basis of the buckling theory. 
VII.4. Aetiology and pathogenesis of idiopathic scoliosis on the basis of spinal 
kinematics. 
A theory on the aetiology of idiopathic scoliosis has been proposed by White (1971), 
based on the finding that the spinous processes are ocasionally rotated towards the 
concavity of the lateral curve during lateral flexion in the thoraco-lumbar region of a 
normal spine. He postulated that a slight physiological scoliotic curve already exists 
there, as many individuals have slight asymmetries of their pelvis and slight leg length 
discrepancies etc . .  An embarrassment of the delicate balance of forces in this region 
can then generate an idiopathic scoliosis. 
This theory considers idiopathic scoliosis as a lateral flexion of a normal spine and the 
axial rotation as being due to the normal coupling phenomenon. 
The axial rotation of the spinous processes during lateral flexion in the upper thoracic 
and lower lumbar parts of the normal spine is, however, towards the convexity of 
the curve, whereas in idiopathic scoliosis the axial rotation occurs in the opposite 
direction, i .e. towards the concavity of the curve in these areas. To suit White's theory 
a reversed coupling pattern is required in these areas. Theoretically a reversed coupling 
phenomenon could be explained on the basis of an altered facet joint orientation. 
As already discussed in chapter IV and shown in figure 22, a frontal plane inclination 
of the facet joints up to 20 degrees is attended with a rotation of the spinous processes 
towards the concavity during lateral flexion, whereas after 20 degrees towards the 
convexity. 
In other words, if for some reason in a normale spine an altered facet joint orientation 
to approximately 20 degrees occurs, then a reversed coupling pattern should be found, 
i.e. the spinous processes in the upper thoracic and lower lumbar parts of the normal 
spine rotate during lateral flexion towards the concavity instead of the convexity of 
the curve. Based on clinical experience, however, such an altered facet joint orientation 
seems quite unlikely. 
A reversed coupling phenomenon could also be explained on the basis of an altered 
spinal configuration. As already mentioned, axial rotation in the lower thoracic region 
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of the normal spine is towards the concavity of the curve during lateral flexion, as a 
result of the sagittal inclination of the motion segments in this area (Chapter IV). 
A comparable sagittal inclination elsewhere in the spine will result in a similar coupling 
pattern. Such a sagittal inclination can result from an anterior vertebral overgrowth 
and/or posterior tethering due to muscular action. 
However, lateral flexion of such a spinal configuration will result in reversed kinematic 
behaviour as compared to a non-pathlogical spine. 
As already shown in Chapter IV, there is no difference in kinematic behaviour between 
scoliotic and non-pathological spines. This theoretical consideration does not take into 
account the potential influence of the facet joint orientation on the coupling pattern. 
It is true that a dorsal inclination and a rotated position of a motion segment oppose 
the influence of facet joint orientation on the coupling pattern, but not to such an 
extent that reversed kinematic behaviour will occur, certainly not in mild and moderate 
cases of idiopathic scoliosis. 
Therefore, the axial rotation in idiopathic scoliosis cannot be explained on the basis 
of spinal kinematics. Nevertheless, spinal kinematics may play a part in the further 
deterioration of the deformity. 
VII.5. Neuro-muscular condition. Literature review. 
VII.5.1. E.M.G.-studies. 
The paraspinal muscles have been implicated by several investigators as a possible 
causative factor in the production and progression of adolescent idiopathic scoliosis 
(Fidler and Jowett, 1976; Spencer, 1976; Yarom and Robin, 1979). 
Electromyography (EMG) had been used previously to study the activity of back 
muscles in idiopathic scoliosis. 
Riddle and Roaf (1955), Henssge (1962), Redford et al (1969), Butterworth and James 
(1969) and Alexander and Season (1978) studied the m yoelectric activity of the unloaded 
spine, while Giith et al (1978) and Giith and Abbink (1980) studied the myoelectric 
activity when walking with and without a brace. 
Hertle and Jentschura (1958), Le Febvre (1961), Zuk (1962) and Brussatis (1962) used 
loaded positions of various types in their studies. 
An increased myoelectric amplitude and a spontaneous activity on the convex side of 
the curve near its apex were the main findings. 
An increased myoelectric response on the convex side of the curve was registered by 
Webb (1981) in his EMG-studies solely during muscular activities, suggesting an 
alteration of the motordrive arising from the spinal cord. This may be due to an altered 
sensory input at the same level or from a central mechanism. 
Quantitative methods were used only by Giith et al (1978) and Giith and Abbink 
(1980). However, differences in myoelectric activity on the concave and convex sides 
of the scoliosis when subjected to load were not quantified in their studies, nor have 
such differences been related to the degree of the curve. Analysis of the myoelectric 
power spectrum can be used to study the influence on the myoelectric signals (Linds­
trom and Petersen, 1981). A strong muscular contraction causes a shift in the spectral 
curve towards the lower frequencies. This shift has been found to be related to a 
decrease in the propagation velocity (Lindstrom and Magnusson, 1977), which in turn 
is related to the accumulation of acid metabolites in the muscle (Mortimer et al, 1970). 
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The power spectrum permits an analysis of the response of the muscle to a functional 
demand. 
Measurements of the amplitude and the spectral changes under load during electromyo­
graphic studies of the paravertebral muscles in adolescent idiopathic scoliosis and 
healthy controls have been performed by Reuber et al (1983) and Zetterberg et al 
(1984). Many authors found increased activity in the muscles on the convex side of a 
laterally curved spine, but not all agreed on the meaning of these findings. 
The numerical myoelectric amplitude values differed markedly between individuals, 
due to possible differences in muscle tension, body configuration and muscle to elec­
trode geometry (Lindstrom and Petersen, 1980) . The comparatively higher myoelectric 
signal amplitude in the para vertebral muscles on the convex side of a scoliotic curve, 
recorded under load is a consistent observation (Le Febvre et al, 1961 ; Zuk, 1962 and 
Brussatis, 1962). The differing results on each side have been subjected to variable 
interpretations. In early reports a fatigue mechanism was suggested (Riddle and Roaf, 
1955; Zuk, 1962). Butterworth and James (1969) on the other hand, suggested that 
the difference was due to an effect of the stretching of the erector spinae muscles on 
the convex side. This view is supported by the finding of a stretch reflex (H-reflex), 
more sensitive to vibration and hammer tapping on the spinous processes on the 
convex side in larger curves (Hoogmartens and Basmajian, 1976; Trontelj et al, 1979). 
Reuber et al (1983) and Zetterberg et al (1984) suggested that greater myoelectric 
activities on the convex side were a secondary effect of the large curves. The muscles 
on the convex side seemed to have adapted to the higher load demand. This will be 
consistent with the findings of the side differences in the morphology of the paraver­
tebral muscles. 
VII.5.2. Morphology of the paravertebral muscles. 
Studies dealing specifically with the histological and histochemical analysis of muscles 
suggest the presence of abnormalities in the muscle fibres and asymmetry in the 
fibre-type proportions at the site of the major curvature. Fidler et al ( 1974) consistently 
demonstrated more Type-I muscle fibres in multifidus on the convex side of the 
curvature at the apex, and these results were confirmed by Spencer and Eccles (1976). 
Type I muscle fibres are the types that fatigue slowly and are used during sustained 
tonic activity (Saltin et al, 1977). 
Spencer and Zorah (1976) found many abnormalities and pathological changes indica­
tive of denervation and neuropathy, but these were not found on one side or at one 
side more than another. Yarom and Robin (1979) also noticed several abnormalities 
in the vertebral muscle fibres, with pathological changes existing on both sides of the 
spinal curvature. Although they could not find statistically significant side differences, 
the morphological changes and general trends point towards the concave side as the 
more severely affected. They also noticed pathological changes in the peripheral mus­
cles, suggesting that adolescent idiopathic scoliosis appears to be a generalized neuro­
muscular disorder. 
In their study Ford et al ( 1984) also noticed a predominance of Type I muscle fibres 
in the deep spinal musculature on the convex side at the apex of the curvature but 
also in the superficial muscles at all levels on the convex side of the curvature. 
It is somewhat puzzling that some investigators have found pathological changes in 
the spinal muscles (Spencer and Zorah, 1976; Wong et al (1980), while others have 
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not (Khosla et al, 1980). One reason for the discrepancy may be that pathological 
changes are seen in long-standing scoliosis of more than 70-80 degrees, as Khosla et 
al (1980) did not see any changes in patients with a mean scoliosis angle of 55 degrees, 
and Wong et al (1 980) found the changes more pronounced in a patient with an angle 
of 75 degrees, compared to the rest of the patients with scoliosis angles between 48 
and 64 degrees. 
Comparison of the data from various investigators is also difficult because of variations 
in the sampling sites and expression of the size (area or diameter). The interpretation 
of the histological results differs considerably between different authors. Khosla et al 
(1980) found changes in the myotendinous junction which they considered as a primary 
scoliosis causing factor. A neuromuscular disorder causing the scoliosis is also postu­
lated (Yarom and Robin, 1979). 
Spencer and Eccles (1976) thought that the increase of Type I muscle fibres on the 
convex side at the apex of the scoliosis actively pulls the spine into the deformity. 
Fidler and Jowett (1974) present a mechanical hypothesis in which a single deep muscle 
imbalance of multifidus conceivably can create a scoliosis with the stronger muscle 
being on the concave side at the apex of the curvature. An increase of Type I muscle 
fibres can be explained as the result of muscle denervation and occurs in the fast and 
slow muscle type (Webb, 1973). 
The findings of Zetterberg et al ( 1983) and Ford et al (1984) can support this hypothesis. 
The interpretation of the pathological findings by Zetterberg et al (1 983) suggests 
physiological adaptations of the erector spinae muscle on the convex side to an increased 
muscle activation of relatively low intensity. From the various histochemical and 
morphological muscles studies a complex picture of muscle involvement emerges in 
which it is difficult to distinguish the cause from the error. It is suggested that the 
underlying cause of the curve might be imbalance in the deep muscles at the apex of 
the curve (supporting the hypothesis of Fidler and Jowett, 1974), but other significant 
differences in muscle fibre characteristics are more difficult to interpret. 
Unfortunately, it is not yet apparent whether such significance differences between 
the two sides of the vertebral column are contained within the normal range for the 
vertebral muscles. 
VII.5.3. Experimental methods of causing scoliosis. 
The induction of scoliosis in experimental animals has been attempted by a variety of 
methods. Nachlas and Borden (1951) stapled the sides of adjacent vertebrae of dogs; 
Sommerville (1952) ablated the adjacent vertebral laminae in rabbits, while Ponseti 
and Shepard (1954) induced lathyrism in rats. These methods, however, have not 
always been succesful. 
Although resection of the ribs in young rabbits and pigs (Langenskiold and Michelsson, 
1962; Michelsson, 1965) and transection of the dorsal roots (Liszka, 1961 ;  MacEwen, 
1973) have consistently succeeded in inducing scoliosis, doubt has been expressed as 
to the relevance of these experiments to man. 
This doubt is emphasized by the failure to produce experimental scoliosis in baboons 
by resecting the ribs (Robin and Stein, 1975), which implies that different forces operate 
on the erect spine, thus separating primates from those animals, who have not adapted 
an upright posture. More recently, evidence has emerged (Taffs et al, 1979; Pincott, 
1980; Pincott and Taffs, 1982) which suggests that scoliosis can be caused by sensory 
deprivation at the spinal cord level in experimental animals. 
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In their experimental study Pincott et al (1984) confirmed the observations of Liszka 
(1961) and MacEwen (1973) that dorsal root section can cause scoliosis. They also 
demonstrated that the proportion of cases in which scoliosis develops is dependent 
upon the number of dorsal roots cut. 
This fact may explain the apparent difference between their results and those of Ale­
xander et al (1972) who produced a scoliosis in 60 percent of animals by dorsal rhizo­
tomy alone, but did not specify how many animals developed scoliosis for each number 
of roots cut. 
The mechanism whereby scoliosis develops when afferent nerves to the spinal cord 
are disrupted could be the asymmetric loss of propioception from segmentally inner­
vated paraspinal muscles, and possibly propioceptive end organs at other sites, leading 
to muscular imbalance. The fact that muscular relaxation can be produced in this 
manner was established experimentally by Pompeiano (1960) who unilaterally sectioned 
the dorsal spinal nerve in roots in cats. This has been confirmed by Trubatch and van 
Harreveld (1970), who reduced decerebrate muscular rigidity, without loss of direct 
motor funtion, by blocking the input of the muscle spindles and is further supported 
by the observation of degenerative changes in muscle spindles in the paraspinal muscles 
of patients with scoliosis (Lloyd Roberts, 1978; Pincott, 1980). 
Earlier clinical and experimental work thus appears to support the conclusion that 
scoliosis may develop as a result of asymmetrical sensory denervation of the paraspinal 
muscles, and that the convex side of the curve will be on the side of the greater 
muscular weakness, that is, the side with more damage to the afferent nerves. 
VIl.5.4. Neurological factors. 
Awareness of the position of the body in space is a highly developed sense in humans. 
It is the result of input from the vestibular, visual and proprioceptive neural pathways 
(Guyton, 1976). 
Defects in visual and vestibular input have been studied extensively, as a possible 
aetiology of adolescent idiopathic scoliosis (Mixon and Steel, 1982; Sahlstrand, 1 980; 
Sahl strand and Lindstrom, 1980; Sahl strand et al, 1978; Sahlstrand and Petruson, 1979). 
Labyrinthine function has been shown to be significantly different in scoliotic children 
and controls (Sahlstrand and Petruson, 1979). The observations of Herman and MacE­
wen (1979) strongly suggest that there is an association between idiopathic scoliosis 
and vestibulo-ocular reflex dysfunction, which is unrelated to the presence of a struc­
tural deformity. 
The vestibulo-ocular reflex changes may be viewed as a function of asymmetrical 
control of reflex gain which is disturbed further during postural tasks requiring control 
of the body motion in the presence of visual fixation. Hence, postural instability is 
ascribed to the conflict between visual and vestibular information within the higher 
central nervous system centres, which can integrate and calibrate converging sensory 
data for perception and control of postural movement (Herman and MacEwen, 1979). 
Defective postural equilibrium has been proposed as a contributing factor in the deve­
lopment of scoliosis. Failure to maintain a normal balanced, upright posture in the 
face of a neurological defect, has been implied as an aetiological factor in a study that 
successfully induced scoliosis in bipedal animals while failing to do so in quadripeds 
(Dubousset et al, 1982). The visual reflexes also have shown differences from those 
of controls (Mixon and Steel, 1 982). An association between vision and scoliosis has 
been implied by the apparent absence of idiopathic scoliosis in congenitally blind 
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individuals (Dubousset et al, 1982). Sahlstrand (1 980) has been able to demonstrate 
significant differences between patients with right convex curves and those with left 
convex curves in the distribution of eye predominance and in labyrinthine sensitivity. 
The direction of the convexity was correlated with the predominant labyrinth in both 
groups. 
Proprioceptive input from joints, ligaments and tendons, has been recognized as an 
integral contribution to the body's postural equilibrium (Guyton, 1976) . Defects in 
the muscle spindle system and tone in spinal muscles have been implicated in scoliosis 
(Hoogmartens and Basmajian, 1976; Yekutiel et al, 1981). 
Measurements of joint proprioception sense in scoliotics and controls have been repor­
ted by Barrack et al (1984) for the lower extremity and by Whitecloud et al (1984) for 
the upper extremity, suggesting deficits in the proprioceptive function. The asymmetry 
associated with both the upper and lower extremities implies the location of the 
neurological lesion proximal to the cervical cord. 
Neural pathways involving visual, vestibular and proprioceptive afferents all have 
discrete interconnections in the brainstem. A lesion in this anatomical location could 
affect all three pathways. Congenital lesions in this area are associated with scoliosis 
(Tezuka, 1 971) and scoliosis has been induced succesfully by damaging this area (Du­
bousset et al 1982). 
Circumstantial evidence supports the brainstem as the most likely anatomical location 
for a neurological lesion. Although at least one study has been able to demonstrate 
differences between right and left convex curves (Sahlstrand, 1980), the proposed 
neurological defects are not correlated with the direction of the curvature or the degree 
of subsequent progression for the curves. 
VII.6. Verification of spinal muscular imbalance. 
The hypothesis of Fidler and Jowett (1 974) suggests that the underlying cause of the 
idiopathic scoliotic curve is the imbalance in the deep muscles at the apex of the curve. 
If there is an unilateral weakness of the paraspinal muscles for some reason, not only 
will that produce lateral flexion which is convex on the weaker side, but the unopposed 
contraction of the paraspinal muscles on the other side will cause the spinous processes 
to rotate towards the unaffected, stronger side. 
Muscle stimulation, therefore, at this stronger side will increase the imbalance and 
makes the deformity even worse, as shown in our muscle stimulation study (Chapter 
IV). 
The present study also shows that electrical stimulation of the paraspinal muscles on 
the convex side of the curve will inprove the lateral deviation, but there was no 
difference in the stimulation response between the concave and the convex sides, 
concerning the axial rotation. Stimulation of the paraspinal muscles on both sides will 
result in increased axial rotation. An explanation for these findings is given in Chapter 
V, based on spinal kinematics. 
It can be calculated by means of the non-linear three-dimensional geometric computer 
model that in order to produce a typical idiopathic scoliotic deformity one requires a 
combination of a transverse force and a moment (figure 78). Due to their anatomical 
position, an imbalance in the transversospinalis muscles can produce such a combination 
of forces. The mechanical hypothesis of Fidler and Jowett is further analysed in our 
computer model. 








































Fig. 78. Forces required in order to produce a typical idiopathic scoliotic deformity. 
The stiffness of the spinal model elements were adapted so that the overall behaviour 
of the model during bending is in accordance with the bending stiffness of the whole 
trunk in vivo. Muscle contractions were simulated by means of initiating a new length 
of the spine. 
The effects of muscle contractions were calculated. 
A symmetrical contraction of the transversospinalis muscles of 30 percent (right and 
left side) produced an extension of the thoracic spine of 26. 9 degrees and no lateral 
deviation or axial rotation. An asymmetrical contraction of those muscles (on the left 
side) of 30 per cent resulted in an extension of the thoracic spine of 18.3 degrees, a 
lateral deviation of10 degrees, convex to the right (= weaker) side and an axial rotation 
ofS degrees with the spinous processes rotating towards the left (= stronger or concave) 
side. Therefore, an imbalance in the paraspinal muscles may produce just enough 
lateral deviation and axial rotation for the initiation of idiopathic scoliosis, while growth 
disequilibrium is responsible for the further production of idiopathic scoliosis. 
It is known, that there is a relationship between the rotated position of the vertebrae 
and the degree of deformation of the rib cage. It is, therefore, interesting to notice 
that asymmetrical contraction of the transversospinalis muscles on the left side of 30 
per cent together with a weakness of the rib cage on the right side, resulted in an 
extension of the thoracic spine of 22.4 degrees, a lateral deviation of 11.4 degrees and 
an axial rotation of 8 degrees. 
There is slightly more axial rotation in comparison with the intact rib cage situation. 
However, the rotated position of the vertebrae in relation to the rib cage increased 
from 6. 9 degrees in the intact rib cage situation to 16. 9 degrees in the weakened rib 
cage situation, an increase by a factor of 2. 5. The rib cage substantially increases the 
stiffness of the spme in all physiological motion (Andriacchi et al, 1974). 
From our analysis, it may be concluded that the rib cage will resist the axial rotation, 
resulting in compression forces on the concave side in the intact rib cage situation. 
As a result of these compression forces, growth disturbances will occur on the concave 
side, explaining the structural changes in the ribs, laminae, pedicles and other structures 
on the concave side, as seen in idiopathic scoliosis. 
VII.7. Summary. 
The aetiology and pathogenesis of idiopathic scoliosis is still unknown. Many pos­
sibilities have been suggested in the literature. 
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Growth disturbance, as a primary cause, has been suggested by many authors (Duthie, 
1959; Duval-Beaupiere et al, 1970). 
Our studies on the growth of the adolescent spine demonstrate no significant differences 
in the dimensions of the vertebral bodies involved in the scoliotic curve as compared 
with the normal vertebrae in the same patient. Mechanical factors are important in 
the aetiology and pathogenesis of idiopathic scoliosis. The buckling theory has many 
supporters (Lucas, 1970; Haderspeck and Schultz, 1 981 ;  Bunch et al, 1983) . 
Our studies do not only fail to reveal differences in the spinal length and dimensions, 
but also produced further support for the conclusion of Mattson et al (1983). Their 
study provided no evidence that idiopathic scoliosis occurs or progresses because of 
increased flexibility. 
Therefore, the initiation or progression of idiopathic scoliosis cannot be explained on 
the basis of the buckling theory. 
Axial rotation is an essential feature of idiopathic scoliosis and it has been suggested 
by White (1971) that its existence can be explained as a result of the coupling mechanism 
between lateral flexion and axial rotation. 
As shown, the theory of White is too simple. 
Spinal kinematics may play a part in the progression of idiopathic scoliosis but not in 
its initiation. 
The most likely cause of idiopathic scoliosis includes a neuro-muscular condition. An 
asymmetry of the transversospinalis muscles may produce enough lateral deviation 
and axial rotation to embarrass the delicate balance of forces in the region so producing 
an idiopathic scoliosis. It is then suggested, that a scoliotic curve may be produced by 
alteration of the motor drive arising at the spinal cord level, either from altered sensory 
input at the same level (Taffs et al, 1 979; Pincott, 1980; Pincott and Taffs,  1982) or 
from a central mechanism (Sahlstrand and Petruson, 1 979; Dubousset et al, 1982; 
Barrack et al, 1984; Whitecloud et al, 1984) and that the altered muscle pull is 'the 
final common pathway' for the production of a progressive idiopathic curve. 
The findings ofZetterberg et al (1983) and Ford et al (1984) can support this hypothesis. 
The interpretation of the pathological findings by Zetterberg et al (1983) suggests a 
physiological adaption of the errector spinae muscle on the convex side to an increased 
muscle activation of relatively low intensity. 
The differences in myoelectrical activity on the concave and convex sides of the scoliosis 
and the morphological changes within the muscles are then secondary phenomena. 
The increase of Type I muscle fibres on the convex side can be explained on the basis 
of muscle denervation (Webb, 1973). 
Growth disequilibrium may be responsible for the further production of idiopathic 
scoliosis, because bone responds and adapts to stresses. Idiopathic scoliosis is a slowly 
developing deformity and there is reasonable agreement in the literature, that an inverse 
relationship exists between the chronological age and the severity of the deformity 
meaning that the younger the patient the more likely it is that a mild deformity will 
progress to a severe one. 
Duval-Beaupiere (1970) pointed out that the progression of idiopathic scoliosis occurs 
at the time of the most rapid adolescent skeletal growth. Therefore, growth disturbance 
may not be a primary cause of idiopathic scoliosis but it certainly plays a prominent 
part in the progression of idiopathic scoliosis. 
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SUMMARY AND CONCLUSIONS. 
Summary. 
Although many types of causes of scoliosis are known, the idiopathic variety comprises 
the largest group and as its name indicates, its aetiology is unknown. Idiopathic scoliosis 
develops in a previously normal vertebral column and has been recognized as an entity 
for more than a century. 
Many authors have described the anatomical and pathological changes to be seen in 
the severe scoliotic spine and these are well recorded. Unfortunately, these detailed, 
accurate studies of late, severe scoliotic spines available from post-mortem specimens 
have been relatively unhelpful in establishing the aetiology of idiopathic scoliosis. In 
the past, various theories of pathogenesis have tended to obscure the long-term factors, 
which lead to structural deformities. The mature deformity can best be accounted for 
by progressive bone adaptation during growth. 
A comprehensive knowledge of spinal kinematics is of paramount importance for the 
understanding of all aspects of the clinical analysis and the management of spinal 
problems. It has been known for a long time that a coupling exists between the lateral 
flexion and axial rotation in a normal spine as a result of the geometric arrangement 
of the motion segments. 
Axial rotation is an essential feature of idiopathic scoliosis. In a scoliotic spine there 
is also a coupling between the lateral flexion and axial rotation. The direction of axial 
rotation during lateral flexion of a scoliotic spine does not differ from that of a non-pa­
thological spine. Also, it is demonstrated that in scoliotic spines, a coupling exists 
between the ventral flexion or extension and axial rotation. It is true that a dorsal 
inclination and a rotated position of a motion segment oppose the influence of facet 
joint orientation on the coupling pattern between the lateral flexion and axial rotation, 
but not to such an extent that reversed kinematic behaviour will occur, certainly not 
in mild and moderate cases of idiopathic scoliosis. 
Therefore, the axial rotation in idiopathic scoliosis cannot be explained on the basis 
of spinal kinematics. 
Nevertheless, spinal kinematics may play a part in the further deterioration of the 
deformity. 
Growth disturbance, as a primary cause of idiopathic scoliosis, has been suggested by 
many authors while mechanical factors are also important in the aetioloty and patho­
genesis of the disease. Our studies do not only fail to reveal differences in the spinal 
length and dimensions, but also in spinal flexibility. Therefore, the initiation or pro­
gression ofidiopathic scoliosis cannot be explained on the basis of the buckling theory. 
The prime motivating factor in the aetiology of idiopathic scoliosis is a neuro-muscular 
disorder producing asymmetrical loading of the spine, to which bone will respond 
and adapt resulting in growth disequilibrium. 
The growth disequilibrium may then be responsible for the further production of 
idiopathic scoliosis. 
The treatment of a progressive scoliotic deformity is generally aimed at obtaining 
control over the rate of progression of the deformity. This is affected in mild curves 
by non-operative means such as bracing, but advanced cases and those which continue 
to progress despite efficient bracing can only be controlled by the operation of spinal 
fusion. The treatment is based on biomechanical principles. It is shown, that lateral 
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forces are more effective in correcting the lateral deviation than longitudinal forces, 
but the lateral forces exerted by the built-in pads in the braces are indeed very small. 
The brace is assumed to be a dynamic device and it may well be that the pads in the 
brace function as mechanical stimulators, activating muscle action. Our muscle stimu­
lation study reveals that muscle stimulation on the convex side of the curve will 
improve the lateral deviation but also increases the existing axial rotation. 
The Harrington-procedure is the technique most commonly used for the surgical 
correction of severe idiopathic scoliotic deformities. There is a strong linear relationship 
between the traction force and the spinal correction with the exception of the axial 
rotation. 
The tolerance of the tissues prevents the use of larger distraction forces, needed for 
more correction. 
Addition of the Harrington compression system to the distraction device nor the use 
of a multiple level distraction system will produce more curve correction, but mainly 
provide more stability. More correction may be obtained by decreasing the resistance 
of scoliotic spines by means of surgical degradation to corrective forces . 
In general, a disease is best treated by removing its cause. It is questionable if that will 
ever be the case in idiopathic scoliosis. Ideally, treatment should, as in the case of 
other congenital deformities, such as talipes and congenital dislocation of the hips, be 
embarked upon without delay before secondary changes, due to growth disturbances, 
have taken place. 
We know, that with appropriate treatment, started early, a benign progressive infantile 
idiopathic scoliosis can be persuaded to become a spontaneous resolving type. Although 
we do not know why and how spontaneous resolution occurs, it is clear that a scoliotic 
spine has an inherent ability to grow straight. 
It means, that an early detection will be mandatory but we also need prognostic factors 
in order to predict which curves will progress. The amount of apical vertebral rotation 
seems to be an important prognostic factor for curve progression after skeletal maturity. 
It also may be an important prognostic factor in the growing child. Therefore, in 
addition to the Cobb-method an accurate technique for measuring axial rotation is 
required. Computer tomography presents an accurate method for determining the 
longitudinal axial vertebral rotation. 
A reduction in the radiation exposure can be obtained by frequent use of raster stereo­
graphy in addition to the clinical assessment and raster stereography may also play a 
prominent part in the early detection of idiopathic scoliosis. 
Conclusions. 
The kinematic behaviour of a scoliotic spine is by and large similar to the kinematic 
behaviour of a non-pathological spine. In a scoliotic spine there is also a coupling 
between lateral flexion and axial rotation, differing only in quantity from that of a 
non-pathological spine. Also, it is demonstrated that, in contrary to a non-pathological 
spine, in a scoliotic spine a coupling exists between ventral flexion or extension and 
axial rotation. The axial rotation, which is an essential feature of idiopathic scoliosis, 
cannot be explained on the basis of spinal kinematics. 
The axial rotation of the apical vertebra can accurately be determined by means of 
computer tomography. 
No difference in spinal length, dimensions, slenderness and spinal flexibility could be 
demonstrated between the scoliotic and non-pathological spines. 
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The initiation or progression of idiopathic scoliosis cannot be explained on the basis 
of the buckling theory. 
According to our computer model analysis, the initiation of idiopathic scoliosis can 
reasonably be explained on the basis of an asymmetry of the paraspinal muscles as the 
'final common pathway'. 




SAMENV ATTING EN CONCLUSIES. 
Samenvatting. 
Hoewel vele vormen van scoliose bekend zijn, is de idiopatische vorm de meest 
voorkomende. Zoals de naam aangeeft, is de oorzaak onbekend. 
Idiopatische scoliosis ontstaat in een eerder normale wervelkolom en wordt als een 
aparte groep al meer clan 100 jaar herkend. 
Vele auteurs hebben de anatomische en pathologische veranderingen die in een ernstige 
scoliotische wervelkolom zijn waar te nemen, beschreven. Helaas hebben deze gede­
tailleerde en nauwkeurige onderzoekingen niet of nauwelijks bijgedragen tot een betere 
begripsvorming met betrekking tot de aetiologie. 
In het verleden hebben de vele theorieen over de pathogenesis geen rekening gehouden 
met de lange termijn factoren, die tot structurele deformiteiten leiden. De volwassen 
deformiteit kan het best verklaard worden door progressieve botaanpassingen tijdens 
de groei. Kennis van de spinale kinematica is zeer belangrijk om alle aspecten van de 
klinische analyse en de behandeling van de spinale pathologie te begrijpen. Het is reeds 
lang bekend, dat er een koppeling bestaat tussen de latero-flexie en de axiale rotatie 
in een normale wervelkolom. Dit berust op de geometrie van het bewegingssegment. 
Axiale rotatie is een essentieel kenmerk van de idiopatische scoliose. Ook in de scolio­
tische wervelkolom bestaat er een koppeling tussen lateroflexie en axiale rotatie. De 
richting van de axiale rotatie tijdens de lateroflexie van de scoliotische wervelkolom 
is niet verschillend van een normale wervelkolom. Er is in een scoliotische wervelkolom 
ook een koppeling aangetoond tussen anteflexie of extensie en axiale rota tie. De dorsale 
inclinatie en de geroteerde stand van het bewegingssegment bei"nvloeden in negatieve 
zin de invloed van de gewrichtsorientatie op het koppelingsmechanisme tussen latero­
flexie en axiale rotatie, maar niet in die mate dat er een omgekeerd kinematisch gedrag 
zal ontstaan. 
Zeker niet in milde en matige vormen van idiopatische scoliose. Daarom kan de axiale 
rotatie in idiopatische scoliose niet verklaard worden op basis van de spinale kinematica. 
Desondanks kan de spinale kinematica een rol spelen bij het verslechteren van de 
afwijking. Groeistoornis wordt door vele auteurs als een primaire oorzaak gezien, 
terwijl mechanische factoren ook belangrijk zijn voor de aetiologie en de pathogenesis 
van de aandoening. 
Onze onderzoekingen kunnen geen verschillen aantonen in de lengte van de wervelko­
lom, hun afmetingen alsmede hun flexibiliteit. Het ontstaan of progressie van idiopa­
tische scoliose kan daarom niet verklaard worden op basis van de kniktheorie. 
De primaire factor in het ontstaan van idiopatische scoliose is een neuro-musculaire 
stoornis, hetgeen tot een asymmetrische belasting van de wervelkolom zal leiden. 
Hierop zal het bot reageren en zich aanpassen, hetgeen tot groeistoornissen zal leiden. 
Deze verstoorde groei zal dan verantwoordelijk kunnen zijn voor de verdere progressie 
van deze aandoening. De behandeling van progressieve scoliose is in het algemeen 
gericht op het tegengaan van verdere toename van deze aandoening. Bij geringe curven 
wordt dit door middel van conservatieve behandeling verkregen, zoals corsetbehande­
ling, terwijl bij emstige gevallen en die curven die niet reageren op adequate conser­
vatieve behandeling, uitsluitend door operatieve therapie. 
De behandeling is gebaseerd op biomechanische principes. 
131 
Het is aangetoond, dat dwarskrachten effectiever zijn in het corrigeren van de laterale 
deviatie dan lengtekrachten. Echter de in de corsetten ingebouwde pelotten geven 
maar weinig dwarskracht. Men veronderstelt, dat het corset dynamisch werkt, maar 
het zou best kunnen dat de pelotten in het corset als mechanische prikkelaars werken. 
Ons spierstimulatie-onderzoek toont aan dat bij stimulatie aan de convexe zijde van 
de bocht een verbetering van de laterale deviatie wordt verkregen, maar tevens een 
verslechtering van de reeds aanwezige axiale rotatie. De Harrington-procedure is de 
meest gebruikte operatietechniek voor de behandeling van ernstige vormen van idio­
patische scoliose. 
Er bestaat een lineaire relatie tussen de distractiekracht en de correctie met uitzondering 
van de axiale rotatie. Orn meer correctie te verkrijgen, zouden grotere distractiekrachten 
nodig zijn, doch de draagkracht van de weefsels weerhoudt dit. De combinatie van 
Harringtondistractiestaven met cornpressiesysternen noch de distractiesysternen waar­
bij meerdere haakjes worden gebruikt, zullen meer correctie geven, slechts meer sta­
biliteit. Meer correctie zou verkregen kunnen worden door chirurgische verlaging van 
de weerstand. In het algerneen wordt de aandoening het best behandeld door de oorzaak 
weg te nemen. Het is de vraag, of dit ooit rnogelijk zal zijn voor idiopatische scoliose. 
In het ideale geval zou de behandeling van idiopatische scoliose, gelijk als bij andere 
aangeboren afwijkingen zoals klornpvoeten en congenitale heupontwrichtingen, zo 
snel mogelijk dienen plaats te vinden, voordat secundaire veranderingen ten gevolge 
van groeistoornissen optreden. We weten dat met een tijdige adequate behandeling 
van een goedaardige progressieve infantiele idiopatische scoliose een spontaan herstel­
lende vorm gemaakt kan worden. 
Hoewel we niet weten waarorn en hoe spontaan herstel rnogelijk is, is het duidelijk 
dat een scoliotische wervelkolom het vermogen heeft om recht te groeien. Dat betekent, 
dat een vroege ontdekking noodzakelijk is, rnaar we moeten ook in staat zijn eventuele 
progressie te voorspellen. De mate van apicale axiale rotatie blijkt een belangrijke 
prognostische factor te zijn voor progressie na skeletrijping. Dit zou rnogelijk ook 
van belang kunnen zijn bij het groeiende kind. Daarom is naast de Cobb-hoekrneting 
een nauwkeurige techniek nodig om de axiale rotatie te rneten. Dit is rnogelijk met 
behulp van cornputer-tomografie. 
Een verrnindering van de stralenbelasting kan verkregen worden door het gebruik van 
rasterstereografie in sarnenhang met klinische onderzoeksmethoden. Rasterstereografie 
kan ook een belangrijke rol spelen bij het vroegtijdig opsporen van idiopatische scoliose. 
Conclusies. 
Het kinematische gedrag van een scoliotische wervelkolom is min of meer gelijk aan 
het kinematische gedrag van een normale wervelkolom. In een scoliotische wervelko­
lom is er ook een koppeling tussen latero-flexie en axiale rotatie, slechts verschillend 
in kwantiteit vergeleken met een normale wervelkolorn. 
In tegenstelling tot een normale wervelkolom bestaat er in een scoliotische wervelkolom 
een koppeling tussen anteflexie of extensie en axiale rotatie. Axiale rotatie, kenmerkend 
voor idiopatische scoliose, kan niet verklaard worden op basis van kinematica. De 
axiale rotatie van de apicale wervel kan nauwkeurig gemeten worden met behulp van 
computer tomografie. 
Er zijn geen verschillen in spinale lengte, dimensies, slankheid en flexibiliteit aange­
toond tussen de scoliotische en normale wervelkolom. 
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Het ontstaan of het verergeren van idiopatische scoliose kan niet verklaard worden op 
basis van de kniktheorie. 
Volgens onze computer model studie kan het ontstaan van idiopatische scoliose goed 
verklaard worden door een asymmetrie in de paraspinale musculatuur, als het patho­
genetisch mechanisme. 
Verstoring van de groei zou verantwoordelijk kunnen zijn voor de verdere ontwikke­
ling van idiopatische scoliose. 
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Appendix to Chapter IV. 
Definitions of the biomechanical terms, used in 
chapter IV. 
Rotation. 
Rotation is an angular displacement of a body about an axis. The axis may be located 
outside the rotating body or inside it. 
Translation. 
A body is said to be in translation when the movement is such that all particles in the 
body at a given time have the same direction of motion relative to a fixed point (White 
and Panjabi, 1978). 
Degrees of freedom. 
Rigid bodies have six degrees of freedom: three translational and three rotational 
components along and about each of the three axes. 
Pattern of motion. 
A physiological motion may consist of a translational and a rotational component and 
these components may be coupled. 
Range of motion. 
The difference between the two positions of physiological movement is the range of 
motion. 
Coupling. 
Coupling refers to motion in which rotation or translation of a body about or along 
one axis associated with simultaneous rotation or translation about another axis. 
Motion segment. 
The motion segment if constituted by two adjacent vertebrae with their connecting 
structures. These connecting structures consist of several ligaments, an intervertebral 
disc and two apophysealjoints, which together with the adjacent vertebrae, constitute 
a motion segment. The amount of movement in a spinal motion segment depends 
chiefly upon the physical properties of the annulus fibrosus, the ligaments and the 
applied loads. The complete kinematics of the spine depend upon the kinematic pro­
perties of the motion segments and the position of the various motion segments, 
relative to one another. 
In other words, the kinematics of the spine depend also on the curvature of the spine. 
Influence of facet joint orientation on the coupling between lateral flexion and 
axial rotation. 
The influence of the frontal plane and horizontal plane inclinations with respect to the 
coupling pattern has been analysed by means of a computer model. 
As shown in figure 19, the parameter �1, represents the rotation about the X-axis and 




Fig. 1 9A. Orientation of a facet joint with respect to a horizontal plane. 






Fig. 20A. The relationship between lateral flexion (a) , axial rotation ([3) and ventral flexion (y) 
and the facet joint angle b 1 .  
B 
Fig. 20B. The same for the facet joint angle b 2. 
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As a consequence of a lateral flexion moment, lateral flexion (a) will occur, coupled 
with axial rotation (�) and ventral flexion (y), as shown in figure 20A. Increasing 
values of o1 , result in more lateral flexion, which is maximal for 01 = 90 degrees, 
because the facet joints will produce no resistance. 
The axial rotation increases with o1 between 0-45 degrees and decreases with o1 
between 45-90 degrees. 
The direction of the axial rotation is opposite to the direction of lateral flexion, meaning 
that the spinous processes rotate towards the convexity of the spine. 
Figure 20B shows the lateral flexion (a), axial rotation (�) and ventral flexion (y) 
plotted against the facet joint angle o2 for a given lateral flexion moment. Increasing 
values of o2 result in less lateral flexion as a consequence of more resistance in the 
facet joints. 
It may be concluded from figure 20B, that there is almost no coupling between lateral 
flexion and axial rotation as a result of changing the facet joint orientation about a 
vertical axis. The frontal inclination of the facet joint is of importance in the coupling 
mechanism between lateral flexion and axial rotation. 
Appendix to Chapter V. 
The effect of changing the sagittal inclination in 
a brace on curve correction. 
The orientation of a vertebra can be described by a local coordinate system (fig. 47). 
The angle (a*), reproduced in a frontal X-ray film by the Cobb-method can be 
analytically determined. The rotation (a) in the frontal plane was varied, being 10, 20 
and 30 degrees, which resulted in Cobb-angles of 20, 40 and 60 degrees, respectively. 
z 
Fig. 47. The orientation of a vertebra described by a local coordinate system. 
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The axial rotation ((3) was varied from O to 30 degrees and the rotation (y) in the 
sagittal plane from O to 40 degrees. The results are given in figure 48. 
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Fig. 48. The influence of changing the sagittal inclination on the Cobb-angle measurements. 
Suppose we have a spinal deformity with a true lateral deviation of 20 degrees (a = 
10°) ,  an axial rotation ((3) of the end vertebra of 10 degrees and a sagittal inclination 
(y) of 40 degrees. On the X-ray we can measure a Cobb-angle of 30 degrees and after 
decreasing the sagittal inclination to 10 degrees, a Cobb-angle of 20 degrees, giving 
an improvement of 1 0  degrees (= 33 percent). 
The apparent correction is more pronounced with small values of lateral deviation and 
large values of axial rotation. There is no apparent correction if the axial rotation is 
smaller or equal to one quarter of the Cobb-angle. 
Appendix to Chapter VI. 
1 .  Influence of the frontal and sagittal plane 
rotation on the longitudinal axis rotational 
measurements. 
The orientation of a vertebra can be described by a local coordinate system as described 
in Chapter IV. 
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The influence of sagittal and frontal plane rotation on the longitudinal axis rotational 
measurements can be determined analytically. If the vertebra rotates simultaneously 
in all three planes in the following sequence: sagittal plane (rotation y), transverse 
plane (rotation �) and frontal plane (rotation a) , the registered axial rotation (�*) can 
be calculated with the formula. 
A* (sin� cosa cosy + sina siny ) I-' = atan -""'----:-'------'--cos� cosy 
The error is given by �* - �-
(1) 
The formula (1) for calculating the error in the longitudinal axial rotation can be 
written for small values of y and a as: 
tgl3* = tg� + ay cos� (2) 
With increasing axial rotation (�), cos � will become smaller and because it is written 
in the denominator the error in the registered axial rotation (�*) will become larger. 
If there is no rotation in the sagittal and frontal planes ( y and a = zero) , then the 
measured longitudinal axial rotation �* is equal to the actual longitudinal axial rotation 
of the vertebra (�) . 
In practice, there will always be a small observation error. 
2. Determination of the midsagittal reference 
line. 
The determination of a midsagittal reference line is essential for our purpose, but 
remains somewhat arbitrary. This is minimized by using the following reference 
system: to obtain a midsagittal line it is necessary to define two points. We have chosen 
one point in the centre of the anterior portion of the verebra (the vertebral body) and 
one in the centre of the posterior arch {the neural arch). In order to determine the 
centre of the vertebral body we used the R. 0. I. (Region of lnterest) circle (figure 65). 
The R.0. 1.-circle, the diameter of which can be adapted, is a capability of the CT-scan­
ner originally designed for densiometry of particular structures in the CT-image. The 
circle is placed within the vertebral body so that its margins coincide with the outer 
cortical borders of the vertebral body both anteriorly and posteriorly. Care was taken 
to place the circle equidistant from the lateral borders of the vertebral body. The 
procedure was facilitated by narrowing down the window width to 100 or 200 HU, 
which resulted in a sharp definition of the cortical borders. 
Thus, the centre of the circle can be accepted as the centre of the vertebral body. In 
order to obtain a reference point in the neural arch, we chose the centre of the spino­
laminar junction {= the junction of laminae and spinous process) . This centre is deter­
mined in a similar manner as for determining the centre of the vertebral body. Here 
the margin of the circle coincides with the outer cortical borders of the spinolaminar 
junction at three points (fig. 65) ; ventrally at the cortical margin of the vertebral canal 
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and dorso-laterally at the junction of the spinous process and laminae on both sides. 
The line through both centres is called the midsagittal line. If there is no rotation in 
either plane, the angle between the mid-sagittal line and the reference system of the 
CT-scanner is 90 degrees (fig. 65). 
3.  Calculation of the Ferguson-angle with the aid 
of the CT-scanner. 
As shown in figure 66 the Ferguson angle is produced by the formula: 180 - (<1>1 + <l>v-
Fig. 66. Diagram showing the mathematical calculation of the Ferguson angle. 
Three CT-scans are made for a single curve. The first one is from the upper end 
vertebra, the second one is from the apical vertebra and the third one is from the lower 
end vertebra. 
The slices are parallel to the upper end plate. 
The gantry has to be tilted and the angle is given and called AN1, AN2 and AN3 
respectively. 
The distance between the slices is given and called SP1 , SP2 and SP3 respectively. 
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Within the slice the centre of the vertebral body can be determined by using the R.0.1. 
circle and the coordinates are given: Xi, Yi, X2, Y2 and X3 and Y3 respectively. 
The coordinates for the centre of the vertebral body can now be calculated within the 
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Fig. 67. Determination of the coordinates of the centre of the vertebral body within the original 
reference system of the computer scanner. 
X1 = x1 Y1 = Y1 cos an1 Z1 = Y1 sin an1 + SP1 
X2 = x2 Y2 = Y2 cos an2 Z2 = Y2 sin an2 + SP2 
X3 = X3 
Y3 = Y3 cos an3 
Z3 = Y3 sin an3 + SP3 
Z2 - Z1 (Y 2 sin an2 + SPv - Y 1 sin an1 + SP2 <1>1 = a tan (----) = a tan ----------------Y 2 - Y 1 Y2 cos an2 - Y1 cos an1 
,h (Z3 - Z2 (Y 3 sin an3 + SP3) - Y 2 sin an2 + SP2 't'2 = a tan ----------) = a tan ----------------Y 3 - Y 2 Y3 cos an3 - Y2 cos an2 
Ferguson-angle = 180 - (<1>1 + <1>2) 
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Zoom-reconstruction. 
If we determine the centre of the vertebral body within the zoom-reconstruction (xm, 
y m) , we have to know the centre of the zoom-reconstruction (xzR, YzR) within the 
original reference system (fig. 68) . 
y 
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Fig. 68. Determination of the coordinates of the centre of the vertebral body in the zoom-recon-
struction within the original reference system of the computer scanner. 
Xm 128 
X1 = - + (XzR - -) 
2 2 
Ym 128 
Y1 = - + (XzR - -) 
2 2 
Although the formulae look complicated, the Ferguson-angle can easily and accurately 
be determined with the aid of a pocket-calculator. 
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